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R E FE R EN C ES
SUMMARY
Initia lly , the qu inacrine  staining technique fo r human 
sperm was studied and the u se  of both th is  s ta in  and o ther ac rid ine  
d e riv a tiv e s  for the iden tification  of the bovine Y sperm  was in v e s ­
tiga ted . During the experim en ts ,  human sperm  counts w ere  made 
using  a haem ocy tom eter , while bovine sperm w ere  counted by using  
a haem ocytom eter and an e le c t r ic  cou n te r .  The two methods of 
counting bovine sperm  w ere  compared for a cc u ra c y  and r e p e a t ­
ab ili ty .
U sing the qu inacrine  staining technique fo r human Y sperm 
as  m onitor, se v e ra l  sep a ra t io n  p ro ce d u re s  for human sperm  and 
for bovine sperm w ere  examined. In the f i r s t  sep a ra tio n  p ro c e s s  
inves tiga ted , columns of bovine serum albumin w ere  used  to 
se p a ra te  sperm  on the b a s is  of d iffe ren tia l  m otility , but no s ig ­
n ificant in c re a s e  in the p e rcen tag e  of Y sperm  re c o v e re d  was noted. 
Secondly, d ens ity  g rad ien t  techniques w ere  applied to se p a ra te  
human and bovine e ja cu la te s  into populations accord ing  to d if fe rences  
in specific  g rav ity  o r  sedimentation r a t e s .  T h ree  g rad ien t  media 
(Colloidal s i l ic a ,  su c ro se  and M etrizam ide) w ere  u sed  in these  
experim en ts ,  but in no case  was a significant in c re a s e  produced in 
the percen tage  of Y sperm  re c o v e re d .
The th ird  method studied involved the use  of a column of 
Sephadex G -50. The r e s u l t s  of these  experim ents with human sperm 
w ere  encourag ing , as  it was found that the num bers of Y sperm  in 
the f i r s t  f rac t io n s  re c o v e re d  a f te r  f i l t ra t ion  w ere  sign ifican tly  low er 
than in the c o n tro ls .
CHAPTER ONE 
GENERAL INTRODUCTION
CHAPTER ONE 
GENERAL INTRODUCTION
1.1 INTRODUCTION
During the m eiotic d iv is ion  of spe rm atogenes is ,  the sex 
chrom osomes of the male d iv ide , with half the sperm  rece iv ing  the 
X chromosome and ha lf  rece iv in g  the Y chromosome. T hus, a 
norm al e jacu la te  contains two populations of equal num bers of sperm , 
d iffering  in sex chromosome content. At fe r t i l i s a t io n ,  the sex  of 
the re su l t in g  zygote depends on the sex chromosome borne  by the 
fe r t i l is in g  sperm . The norm al sex ra t io  of the offspring  a t b i r th  i s  
approxim ately  un ity , although in some sp e c ie s ,  notably  man, th e re  
is  a slight but constan t e x c e ss  of m ales at b i r th .  Even u n d e r  extrem e 
environm ental and physio log ical conditions , the v a r ia t io n  is  com­
p a ra t iv e ly  sligh t (Anon, 1974).
In addition to the d if fe rences  in sperm  because  of the sex 
chromosome s ta tu s ,  th e re  a re  v a r ia t io n s ,  in individual sperm , in age , 
biochemical and b iophysical p ro p e r t ie s  and p robab ly  in fe r t i l is in g  
capac ity  (Lavon, Volcani and Danon, 1971). Also th e re  is  a p r o ­
portion  of dead o r  damaged sperm  p re se n t  and even in a norm al 
e ja cu la te ,  diploid sperm  have been recogn ised  in a number of sp ec ie s  
(B eatty , 1970). If f e r t i l is a t io n  by such a diploid sperm  o c c u r re d ,  
the re su l t in g  embryo would be an abnormal t r ip lo id  form. It is  
poss ib le  that f e r t i l i ty  a f te r  a r t i f ic ia l  insemination might be improved 
if  dead , damaged o r  abnormal sperm  could be removed from the
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e jacu la te  without reducing  the fe r t i l is in g  capacity  of the rem aining 
sperm . This would be d e s i ra b le  p a r t ic u la r ly  in domestic spec ie s  
w here  a r t i f ic ia l  insem ination is, o r  could be, p ra c t is e d  on a com­
m erc ia l  sc a le .  Any frac tiona tion  of sperm might a lso  lead  to a 
p a r t ia l  o r  complete sep a ra t io n  of X and Y sperm  with re su l t in g  sex 
contro l of the o f fsp r in g . Many attempts have been made to se p a ra te  
X and Y sperm  and claims of su c ce ss  have been repo rted , (B eatty , 
1974a), often with immense pub lic ity , but substan tia ting  evidence 
is  lacking and a re l ia b le  rep rod uc ib le  technique fo r sep a ra tio n  of 
X and Y sperm  has yet to be dev ised .
Control of the sex ra t io  at conception would have ad ­
van tages and d isadvan tages  in many sp e c ie s ,  as well as ra is in g  
m oral and social i s s u e s  if  applied to humans. T h ere  a re  a number 
of d e le te r io u s  X -linked r e c e s s iv e  genes in man, e . g .  haemophilia 
and the r e c e s s iv e  X -linked form of m uscu lar dystroph y , which a re  
e x p re s s e d ,  when p r e s e n t ,  in the single X chromosome of the male 
but which a re  su p p re sse d  in females p o ssess in g  a second norm al 
X chromosome. Sex p rede te rm ina tion  would enable ’’c a r r i e r "  
m others  to produce  only daugh te rs  , while an affected male pa ren t  
might be enabled to p roduce only sons . The same end r e s u l t  could 
be achieved by am niocentesis  during  p regnancy  and term ination  of 
the p regnancy  if the foetus w ere  of the "high r i sk "  sex , but p r e ­
de term ination  of sex b e fo re  conception would avoid the need for 
abortion  and the accompanying emotional d i s t r e s s  (Anon, 1974).
In dom estic s p e c ie s ,  the advantages of sex  contro l would 
be mainly economic and would enable production of optimum p r o ­
portions of m ales and fem ales in p a r t ic u la r  husbandry  s itua tions 
to take advantage of phenotypic d iffe ren ces  in sex-lim ited  t r a i t s ,  
such as milk and egg production  and in sex-influenced  t r a i t s , such
as r a te  of weight gain and body composition for meat c a rc a s e s  
and b e t te r  pe lts  in the fu r t r a d e .  Sex contro l might a lso  be 
advantageous in c e r ta in  und er-deve loped  c o u n tr ie s ,  such as India, 
w here  food sh o rtag es  a re  acu te ,  but the killing of male ca lves is  
against re l ig io us  be liefs  (Foote  and M il le r ,  1971).
The development of embryo - t r a n s f e r  techniques on a 
commercial sca le  in ca ttle  has led to some problem s w here twinning 
is  d e s i re d .  If twins of d iffe ren t sexes a re  b o rn ,  the female may be 
a f re e m a r t in ,  (and consequently  in fe r t i le ) ,  because  of the influences 
of the ad jacent male foetus during  pregnancy . If the embryos 
implanted w ere  of the same sex , such economic lo s se s  would be 
avoided. The development of sex contro l at insem ination in th is  
in s tance  would be benefic ia l ,  since all the embryos produced in 
the donor female would be of the same sex.
H ow ever, g rave  d isadvan tages do ex is t .  F i r s t ly ,  the cost 
of any sep a ra t io n  p ro ced u re  must be economically feasib le  for w ide­
sp read  u s e .  Sperm p ro c e ss in g  might damage genetic  m a te r ia l .  If 
widely p ra c t i s e d ,  sex contro l might lead to in c re a se d  in -b reed ing  
if  only a small r e s e r v o i r  of m ales w ere  left as s i r e s .  In both man 
and an im als, many sperm  may be chromosomally abnormal and would 
not f e r t i l i s e  under n a tu ra l  conditions: c a re  would be needed to
en su re  tha t the sperm  p ro c e ss in g  technique did not inad verten tly  
se lec t  for these  sperm .
In man, medical and social is su e s  a re  r a is e d  over the 
poss ib il i ty  of sex con tro l .  Surveys have shown that most coup les , 
if  given a cho ice , would p re fe r  th e i r  f i r s tb o rn  to be m ale , (E tz ion i,
1968). In many c u l tu re s ,  boys provide an economic advantage (as 
w o rk -h o rse s )  o r  a form of o ld-age  in su rance  (w here  the S tate  has
not e s tab lished  it) ,  while g i r l s  may be a l iab ili ty ;  a dow ry, which 
may be a sizab le  economic bu rden , must be provided  to m a r ry  them 
off. If sex contro l w ere  widely p r a c t i s e d , it has been p red ic ted  
tha t th is  would lead  to in c r e a s e s  in p ro s t i tu t io n , hom osexuality , 
age of m arr iag e  of m ales and num bers of m ales who would nev e r  
m a r ry .  H ow ever, if  one o r  the o ther  sex ev er  became heavily  ou t­
num bered , a tt i tudes  would change and, p resum ably , some re s to ra t io n  
of the balance  would follow. M ost p a ren ts  of m ore than one child 
seem to d e s i re  ch ild ren  of both se x e s ,  so that deviation from the 
1 : 1 ra t io  might be le s s  than expected; a lso ,  the opportunity  of 
choosing the sex of o n e 's  ch ild ren  might lead  to sm aller  families 
and a reduction  in the population. On the o ther  hand, the b ir th  
o rd e r  of the sexes in a family would change c o n s id e ra b ly , with most 
f i r s t -b o rn s  being male in s tead  of a random sequence of m ales and 
females and as  the position in b ir th  o rd e r  affects  both physical and 
p e rso n a l i ty  t r a i t s  of the developing offspring , behavioural changes 
in the population might be expec ted .
The m ajor problem  in any plan to contro l the sex of the 
o ffspring  at conception is  the difficulty  in recog n is in g  a sperm  as 
being e i th e r  X- o r  Y -b ea rin g ,
X- and Y -bearing  sperm  a re  known to d iffer in th e i r  
chromosome s ta tu s ,  the X chromosome being l a r g e r  than the Y 
chrom osome, in mammalian sp e c ie s ,  but a p a r t  from th is ,  th e re  a re  
no known d if fe ren ces  in s iz e ,  m ass ,  specific  g rav ity , swimming 
ra te  o r  e le c t r ic a l  c h a r g e , spec if ica lly  between X and Y sperm . 
With the exception of the human male sperm ce l l ,  whose Y chrom o­
some has been re p o r te d  as being p re fe re n t ia l ly  s ta ined  with a 
fluorochrom e (Barlow  and V osa , 1970), th e re  a re  no means yet of
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distinguish ing  a male from a female sperm cell in mammals. 
T h e re fo re ,  until  r e c e n t ly ,  no m easurem ents o r  de term inations 
could be c a r r ie d  out on sperm  individually  identified  as  to sex . 
R e s e a rc h e r s  w ere  handicapped in the p a s t ,  by being forced  to 
deal with a to ta l mixed sperm  population and applying to it m easu re s  
which might cause  se p a ra t io n  of X and Y sperm , without being able 
to monitor th e i r  techniques d ire c t ly ,  by counting the p ro po rtion s  
of X and Y sperm  in the d iffe ren t f rac t io n s .
In the human, d ry  m ass  m easurem ents  have been made on
the autosomal p a i r s  of chromosomes and con siderab le  v a r ia t io n  has
been found (B a h r ,  1971a) - from 4-36.1 x 10"^^ gm for a full "heavy"
set to 409.12 X 10 ^^gm for a full "light" se t - th is  d ifference  is in
the o rd e r  of 6.2%, If the m ass of a Y chromosome (9 .7 0  x 10”^^gm)
is  added to the f ig u res  of the "heavy" set and the m ass of an X
—13chromosome (26.10 x 10 gm) added to those of the "light" se t ,  
it has been found that the "light" se t  plus the X chromosome a re  
l ig h te r  by 2.4% than the "heavy" se t plus Y chrom osom e. Under 
the assum ption tha t a t m e io s is ,  all auto some 5 a re  random ly d i s ­
tr ibu ted  , with r e g a rd  to m ass ,  Kiddy (quoted by B ah r ,  1971a) has 
calcu lated  the p ro b ab il i ty  tha t 85.7% of Y sperm  can be expected 
to be l ig h te r  than all X sperm  and that 99.2% of Y sperm would 
be l ig h te r  than all but 0.006% of X sperm .
Using chrom osomes from a male bovine, B ak er ,  S a l isb u ry  
and Fechheim er (1965) c a r r ie d  out m easurem ents of mean a re a  and 
ca lcu la ted  tha t the mean a re a  (and th e r e f o r e , p robab ly  the m ass) 
of a haploid se t of chrom osom es, including an X chromosome would 
be 3 . 1% g re a te r  than tha t of a haploid set containing a Y chromosome. 
A fter m easuring  F eu lg en -s ta in ed  DNA in bovine sperm n u c le i,  using
an in teg ra ting  m ic ro d e n s i to m e te r , the au thors  indicated  tha t it  
might be p oss ib le  to de tec t a d ifference  as small as 3.1% between 
two populations of spe rm , to m onitor any sep a ra t io n  achieved .
Considering  the sperm  c e l l ,  w here  cytoplasm must a lso  
be taken  into account, it  has  been suggested  (B ea tty , 1974b) tha t 
the Y sperm, may contain a small amount of e x tra  cytoplasm com­
p ared  to the X sperm , to "balance"  the d ifference  in X and Y 
chrom osom es. C onsequen tly , the d ifference  in m ass between X 
and Y sperm  might be ac tua lly  le s s  than tha t ca lcu la ted  from 
d if fe ren ces  in the m ass of the chrom osom es.
1 .2  VISUAL IDENTIFICATION OF X AND Y SPERM
P r io r  to the d isc o v e ry  th a t  the human Y chromosome could 
be recog n ised  within the sperm  head , a f te r  s ta ining with qu inacrine  
d y es , s e v e ra l  r e s e a r c h e r s  had attempted a v isua l identification  of 
X and Y sperm . If sperm  w ere  recogn isab le  as being X- o r  Y- 
b ea r in g , individual sperm  might be studied fu r th e r  fo r o ther  
phenotypic d if fe rences  ( e .g .  d iffe rences  in specific  g rav i ty ,  a n ti ­
gen ic ity , sedim entation r a t e ,  e t c . ) ,  in the hope of developing 
experim ental techn iques to produce  effective sep a ra t io n  of the two 
types of sperm . In addition , the iden tification  method could be 
u se d ,  to m onitor d i re c t ly ,  the su c ce ss  of any sep a ra t io n  techn ique , 
eliminating the need fo r time - consuming insem ination and d e te r ­
mination of the sex of the o ffsp r ing , in field t r i a l s .
S hettles  (I960 a + b ,  1961) suggested  tha t the methods of 
fixing and stain ing human sperm  for b righ t light and e lec tro n
m icroscopy  produced  a l te ra t io n  and coa lescence  of the head 
contents into a homogeneous m a ss ,  which was m is re p re se n ta t iv e  
of the norm al s ta te  of the sperm  head as it  en te red  the egg at 
fe r t i l i s a t io n .  He c a r r ie d  out s tud ies on the unfixed unsta ined  sperm  
of more than 100 men, using  phase c o n tra s t  m ic roscopy , and 
d e sc r ib e d  the ex is ten ce  of two d is tinc t populations - a sm a lle r - 
headed type of sperm  with a rounded c en tra l  m ass and a l a r g e r -  
headed type of sperm  with an elongated cen tra l  m a s s . In most 
specim ens o b se rv ed ,  although the ra t io  of the two types v a r ie d  with 
the ind iv iduals , he found that the sm alle r-headed  type predom inated , 
but did not quote actual num bers of sperm counted. The c en tra l  
m asse s  within the sperm  heads  w ere  F eu lgen-positive  and w ere  
believed  by S he ttles  to r e p re s e n t  d is c re te  chrom osom es. He 
claimed that the sm a lle r -h ead ed  sperm  w ere  Y -bearing  and the 
la rg e r -h e a d e d  type , X -b e a r in g ,  explaining the predom inance of 
the " Y -bear ing"spe rm  by the fact that in humans, th e re  a re  more 
male b ir th s  and th e r e f o re ,  p robably  a g re a te r  number of m ales 
co n ce iv ed .
R othschild  (I96O) s ta ted  that n u c lea r  m ate r ia l  is  g en era lly  
thought to be uniform ly d is tr ib u te d  within the m atu re  sperm  head .
He was unable  to explain what Shettles had ac tually  o b se rv ed ,  but 
commented tha t an unusual optical system had been u sed  and 
suggested that the round and elongated m asses  within the sperm  
head may have been d is to r te d  vacuo les  - known to occu r in human 
sperm . Bishop (I960) a lso  c r i t ic is e d  the optical system  u sed  by 
Shettles  and d ism issed  his o bserva tions  on sperm  as a r te f a c ts ,  
p roduced by the non-uniform  se ttling  of sperm  on the slide during  
the drying p r o c e s s .
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In addition to the claims of S h e ttle s ,  the poss ib il i ty  that 
X and Y sperm  may d iffer  in head size  has been c o n s id e re d ,  ( r e ­
viewed by B ea tty ,  1970). Both X and Y sperm may have th e i r  own 
s iz e - f req u e n cy  d is tr ib u t io n  and an e ssen t ia l  p a r t  of the study has 
been to decide w hether th e re  is  a significant d ifference  between the 
mean va lues  of each . Again, r e s e a r c h e r s  have been confronted with 
the difficulty  of dealing with the to ta l mixed population of sperm  in a 
semen sam ple. In mammals, no-one has rep o r te d  the ideal situation  
of two completely s e p a ra te  non-overlapp ing  su b -d is tr ib u tio n s  and 
investiga tions have been co n ce rn ed , th e re fo re ,  only with o v e r ­
lapping su b -d is tr ib u tio n s  which a re  c la ss if ied  into two types :
(a) Bimodal D is tr ibu tion
If X and Y sperm  sub-populations did ex is t and d iffered  
sufficien tly  in s iz e ,  a bimodal s iz e -f req u e n cy  d is tr ibu tion  might 
r e s u l t ,  with two p eaks , e . g .
cr
S i z e
An obvious bimodality would give evidence of the ex is tence  of two 
su b -popu la tions , d iffering  in s iz e ,
Beatty  (1961) re c o rd e d  re s u l ts  in which no bimodality was 
dem onstra ted  and r e s u l ts  which claimed a bimodal d is tr ibu tion  of 
sperm . To th ese  conflicting r e s u l t s  and to new data  (eight spec ie s  
of mammal w ere  examined in a ll) ,  he applied a mathem atical formula 
to estim ate the means of two underly ing  sub-populations and to a s s e s s
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the significance of any d iffe rence  between the two m eans. How­
e v e r ,  he obtained no significant evidence fo r the p resen ce  of two 
sub-popula tions of sperm . In support of B ea tty 's  f indings, no 
indication  of a bimodal d is tr ib u tio n  of sperm  was o b se rv ed ,  u s ing  
an e lec tro n ic  sizing m ethod , in man (Segal and L au re n ce ,  1962), 
rab b it  (F ow ler  and Heilm an, 1965), bu ll,  boar o r  ram (O 'D onnell,
1969).
(b) P la ty lo ir tic  D istr ibu tion
If two sub-popula tions of sperm  (in te rm s of s ize) did 
e x is t ,  the means of the two d is tr ibu tion s  might be so c lose  tha t a 
bimodal frequency  d is tr ib u tio n  curve  was not ob tained , but the 
compound curve  would have the s ta t is t ic a l  c h a ra c te r i s t ic  of 
p la ty k u rto s is  ("rounded  shou lde rs  and sh o rt  ta i l s " ) .  When the 
m athem atical formula used  in (a) was applied to m easurem ents of 
head length of 3 ,200  rab b it  sperm , no d ifference  between the means 
of two supposed sub-popula tions was found to ex is t  (B eatty , 1961).
He suggested  tha t if  a r e a l  d ifference  was in fact obscu red  by 
sampling e r r o r ,  then the d if fe rences  between the means was un like ly  
to be g r e a te r  than 3%. In support of th is  finding. Van Duijn (1961) 
observed  a unimodal s ize  d is tr ib u tio n  of human sperm  and c a l ­
culated tha t the s ize  d iffe ren ces  in X and Y sperm  w ere  too small 
to be de tec ted  by any system  of light m icroscopy .
B eatty  (1972) has  sum m arised his opinions by sta ting  that 
th e re  is  no re a l  ev idence , in mammals, to support the ex is tence  of 
two sub-populations of sperm  differing  in head size and th e re fo re ,  
no r e a l  evidence fo r supposing , on observa tiona l g rounds, that X 
and Y sperm  d iffer in head s iz e .  If d if fe rences  do e x is t ,  they a re  
like ly  to be v e ry  sm all, with considerab le  overlap  between the X and
Y d is tr ib u t io n .  This would mean that few individual sperm  could 
be sco red  as e i th e r  X- o r  Y -b ea r in g , and even if  the ex is tence  of 
two sub-populations could be dem onstra ted , th e re  is  no way of 
knowing from the da ta  which population r e p re s e n ts  X sperm  and 
which, Y sperm .
A break th rough  in the v isua l iden tification  of X and Y 
sperm  came unexpec ted ly , when C a sp e rs so n ,  F a r b e r ,  Fo ley , 
Kudynowski, M odest,  Sim onsson, Wagh and Zech (1968) published 
observa tions  on the app ea ran ce  of m itotic chromosomes of v a r io u s  
o rg an ism s , sta ined  with qu inacrine  m ustard  and examined in u l t r a  
v io le t  l ig h t . The chrom osomes had vary ing  quantities of f lu o ro ­
chrome bound along th e i r  leng th , the d is tr ib u tio n  of the f lu o rescence  
being constant for each p a r t ic u la r  p a ir  of chrom osom es. L a te r ,
Zech (1969), a member of the same team , made the im portant 
ob serva tion  th a t ,  when human chromosomes w ere  sta ined with 
qu inacrine  m u s ta rd ,  the Y chromosome could alw ays be recogn ised  
e a s i ly ,  as the d is ta l  ends of i ts  long arm s showed a much more 
in tense  f lu o rescen ce  than any o ther  chromosome reg ion .
This finding was soon v e rif ied  by P e a rs o n ,  Bobrow and 
Vosa (1970), using  the m ore re a d i ly  available  and le s s  expensive 
qu inacrine  d ih y d ro c h lo r id e , and the field was extended when th ese  
w o rk e rs  showed tha t human in te rp h ase  ce lls  could be sexed , by 
staining with qu inacrine  for the p resence  of a small b righ t iduorescent 
body within the ce ll  n u c leu s . Using buccal m ucosa ce l ls  from normal 
vo lu n tee rs  and from 4-7/XYY v o lu n te e rs ,  com parisons showed that 
no f lu o rescen t body was p re s e n t  in ce l ls  from norm al fem ales , a 
single body was p re s e n t  in c e l ls  from normal m a les ,  and, in XYY 
m ales ,  around 30% of the ce lls  showed two c le a r ly  sep a ra ted
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f lu o rescen t bodies . The physical dimensions of th is  "male chrom atin 
body" ( 0 .2 5  JUm. d iam eter)  in the in te rp h ase  nucleus w ere  s im ila r  
to those  of the highly f lu o rescen t  reg ion  of the Y chromosome seen  
in m etaphase p re p a ra t io n s  and the au thors  in fe r re d  that the 
f lu o resc en t  body of male in te rp h ase  nuclei re p re se n te d  the f lu o r ­
escen t reg ion  of the Y chromosome. P r io r  to th is  w ork , it had 
been im possible  to identify  individual chromosomes within the 
in te r  phase  nuc leu s .
P e a rs o n  and Bobrow (1970) continued th e i r  work by 
following the app ea rance  of the f lu o rescen t  Y chromosome through 
the d iffe ren t s tag es  of sperm atogenesis  and showed tha t the f lu o r­
escen t body was c le a r ly  v is ib le  in most ce lls  at all s tages  of 
m e io s is .  B arlow  and Vosa (1970) extended th e i r  ob serva tions  to 
human sperm atozoa and showed, that when human sperm  w ere  
s ta ined  with qu inacrine  (e i th e r  the m ustard  o r  the d ih y d ro ch lo r id e ) , 
and examined in u l t r a  v io le t l ig h t , approxim ately 50% of sperm 
contained a f lu o rescen t  body (F -body) within the sperm  head , 
which was much b r ig h te r  than the r e s t  of the sperm  head . The 
position  of the F-body  within the sperm  head was v a r ia b le ,  but in 
most of the sperm , it  w as seen  to lie  at the boundary  between dense 
and le s s  dense  reg ion s  of chrom atin . They concluded th a t ,  because  
the frequency  with which the F -body  was seen  in sperm approached  
that expected from the seg reg a tion  of the Y chromosome at m e io s is ,  
(50% of sperm  rece iv e  a Y chromosome, 50% an X chromosome), 
those  sperm  bearing  an F -body  c a r r ie d  a Y chrom osome, while 
those  sperm  lacking an F -b o d y , lacked a Y chromosome and m ight, 
th e r e f o re ,  be X -b ea r in g  sperm . T hus, the evidence that the F -body  
in the sperm atozoa ac tually  re p re se n te d  the f lu o rescen t Y chrom o­
some was la rg e ly  c ircu m stan t ia l .  D isc re te  chromosomes a re  not
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norm ally  v is ib le  in the m ature  sperm  (R othsch ild , I960) so no 
d i re c t  method of confirm ation was a v a i la b le , but an in d ire c t  
approach  to the problem  was m ad e , by S um ner , Robinson and Evans 
(197 1).
The human Y chromosome i s ,  on a v e ra g e ,  approxim ately  
o n e -th ird  of the length of the X chromosome. Sperm atozoa a re  
haploid , each  b earing  22 autosomes and one sex chromosome; 
those  c a r ry in g  the sm alle r  Y chromosome have , th e o re t ic a l ly , 
l e s s  chromosome m ate r ia l  than  the X -bearing  sperm . This d iffe rence  
i s  v e ry  small - around 4%, calcu la ted  from the re la t iv e  length of 
chromosomes seen  in somatic c e l ls .  The d ifference  in to ta l 
chrom atin length should be re f le c ted  by a s im ila r level of d iffe rence  
in DNA content and DNA can be estim ated by m easurem ent of 
optical density  a f te r  F e u lg e n -s ta in in g , the in tens ity  of stain ing 
being p ropo rtio na l  to the amount of DNA p re s e n t .
The r e s u l t s  of Sumner et a l . (1971) showed that the mean 
re la t iv e  Feulgen-DN A value fo r sperm  lacking an F -body  was h igh er  
than that fo r sperm  with an F -body  (putative Y sperm ) and the 
conclusion  was draw n that the f lu o rescen t  body in the sperm  head 
did indeed r e p re s e n t  a Y chrom osome. F u r th e r  evidence from the 
same w o rk e rs  showed that in sperm  with two F - b o d ie s , the 
Feulgen-DNA value was midway between the h igher  value fo r 
sperm  lacking an F -body  and the low er value for sperm  with a 
single F -bod y , suggesting  that these  sperm  contained two Y 
chrom osom es,
Although Sumner et a l . (1971) had been able to obtain 
s a t is fa c to ry  r e s u l t s ,  by m easuring  the Feulgen-DNA of s p e rm , they 
acknowledged that th is  stain ing p ro c e s s  was known to cause  some
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v a r ia b i l i ty  in the m easurem ent of DN i\. Consequently , r e s e a r c h  
was continued using  the technique of in tegra ting  m ic ro in te r fe ro m e try , 
by which the d ry  m ass of the unsta ined  sperm could be m easu red . 
Using th is  techn ique , Sumner and Robinson (1976) have shown tha t 
the d ry  m ass of the sperm  head is  d i re c t ly  re la te d  to i ts  DNA con­
tent and confirmed th e i r  e a r l i e r  r e s u l t s ,  by showing that th e re  i s  
a highly significant d iffe rence  of 2 . 13% in the d ry  m ass (and t h e r e ­
fo re  DNA content) of X- and Y -bearing  human sperm .
E ffo rts  to apply th is  f lu o rescen t staining technique to the
Y chromosomes and Y -b ear ing  sperm  of o ther  spec ies  have fa i led , 
so f a r ,  (P e a r s o n ,  B o b ro w , Vosa and B arlow , 1971) b u t , at l e a s t ,  
the development of the method for identification of human Y sperm  
has enabled r e s e a r c h e r s  to monitor experim ents to se p a ra te  X and
Y sperm d i re c t ly .  H ow ever, before  the v isua l iden tification  of 
human Y sperm  became p o ss ib le ,  many experim ental approaches  to 
the contro l of p r im ary  sex ra t io  in mammals had been m ade, with 
insem ination of any se p a ra ted  sperm  frac tions  and subsequent sexing 
of offspring produced as  the only means of monitoring the su c ce ss
of the method. The eight experim ental approaches rev iew ed now 
have often been claimed to be su c ce ss fu l ,  but equally  often , the 
claims have been disputed  by o ther  w o rk e rs .
1.3 PARTHENOGENESIS
This m eans l i t e ra l ly  "reproduction  without sexual un ion" . 
T h eo re tica l ly ,  if  female organ ism s could be stimulated to p a r th e n o ­
g e n e s is ,  they should produce a ll-fem ale  offspring . P a r th en o g en es is  
of spontaneous o r ig in  has been dem onstra ted  in the eggs of s e v e ra l
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mammalian sp ec ie s  and has  been induced experim entally  in eggs of 
rab b it  and m ouse , by u s ing  v a r io u s  physical and chemical stimuli 
(P in c u s ,  1930,• T ark ow sk i,  Witkowska and Nowicka, 1970; G raham ,
1970) but u n fo r tu n a te ly , a ll parthenogenetic  embryos appear  to die 
and th e re  seems no fully es tab lish ed  case  of development to b ir th .  
Inviability  may be poss ib ly  due to high homozygosity and the offspring 
may die because  they  a re  suffering  from the equivalent of extrem e 
in -b reed in g  d e p re s s io n .  T h ere  seems to be some obstac le  to the 
su rv iv a l  of parthenogenetic  young and Beatty  (1972) has  specu la ted  
tha t the sperm  may c a r r y  some non-nucle ic  component e sse n tia l  for 
norm al em b ry o g en es is .
1 .4  EXPERIM ENTALLY SEX-REVERSED FEM A LES
If females (XX) could be s e x - r e v e r s e d  to become functional 
XX m ales ,  i . e .  p roduce X sperm  only and w ere  then mated to norm al 
fem ales, all o ffspring  would be female. H ow ever, functional sex 
r e v e r s a l  has  not ye t been accomplished in any mammal and M cL aren  
(1972) and Short (1972) have provided evidence that XX germ ce lls  
loca ted  in a te s t i s  cannot give r i s e  to sperm atozoa.
Any p o ss ib i l i ty  of sex contro l re su lting  from e ith e r  of the 
two above methods would seem rem ote . T h e r e fo r e , g r e a te r  a tten tion  
has been paid to methods of sep a ra tio n  of X- and Y -bearing  sperm atozoa
1.5 ELECTROPHORETIC SEPARATION
E le c tro p h o re s is  is  the p ro c e ss  by which ions o r charged  
p a r t ic le s  in aqueous buffered  solutions move tow ards  e i th e r  the anode
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o r the cathode when a d i re c t  e le c t r ic  c u r re n t  is  applied .
The study of sperm  by e lec tro p h o re t ic  techniques da te s  
back to the 1920's when Mudd and Mudd (1929) found that sperm  from 
a number of mammalian spec ies  w ere  all negative ly  ch a rg ed , and 
m ig ra ted , ta il  f i r s t ,  to the anode, in an e le c t r ic  f ie ld . Since then , 
most e le c tro p h o re s is  s tud ies  in mammalian sperm  have been con­
cerned  with the p o ss ib i l i ty  of sep ara ting  m ale-p roducing  from 
female “producing sperm  as a m eans of sex contro l of the o ffspring . 
T here  seems to be no re a so n  why X- and Y -bearing  sperm should 
be expected to d iffer  in  su rface  c h a r g e , but e le c tro p h o re t ic  methods 
might be re g a rd e d  em pirica lly  as being one of s e v e ra l  techniques 
that se p a ra te  sperm  into f ra c t io n s ,  (in th is  in s ta n c e ,  anode- and 
ca th ode-m ig ra ting ) , which might contain d iffering  p ro portions  of 
X and Y sperm .
Galvanic se p a ra t io n  is  a term  used  by some w o rk e rs  when 
an e le c t r ic  po tential i s  applied to motile sperm . The e le c tr ic  
c u r re n t  ac ts  to o r ien ta te  the spe rm , while the ta i l  p rop e ls  the 
sperm  in the d irec tio n  in which the head is  pointing. The ve loc ity  
of the sperm  depends upon the re su l ta n t  of two ve loc ity  v e c to r s :
(1) m otility  of the sperm
(2) fo rce  of e le c tro p h o re t ic  m igra tion .
Many w o rk e rs  have studied e lec tro p h o re t ic  sep ara tio n  of 
X and Y sperm , with conflicting r e s u l t s .  Koltzoff and S ch rdd er  
(1933) and S c h rd d er  (1934 and 1941) claimed a success fu l  separa tio n  
of sperm  into anodic and cathodic f rac tio n s  in a buffer of pH 7*1 . 
Subsequent insem ination with the anodic f rac t io n s  produced p r e ­
dominantly female l i t t e r s , while the cathodic f rac tio n s  produced 
predom inantly  male l i t t e r s .  Lewin (1956) and Gordon (1957 and 1958)
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re p o r te d  s im ila r obse rv a tions  of a two-way m igration  with rabb it  
and human sperm and found that S c h rd d e r 's  r e s u l ts  w ere  qualita tive ly  
re p ro d u c ib le .
M ore re c e n t ly ,  Seving (1968) published the r e s u l ts  of four 
experim ents using  rab b it  sperm . In the f i r s t  experim ent, a two-way 
m igra tion  was o b se rved  and insemination with the anodic f rac tion  
produced an e x cess  of m ales in the l i t t e r ,  while the cathodic frac tion  
y ielded  a predom inance of females - the r e v e r s e  of S c h rd d e r 's  
findings. H ow ever, th re e  subsequent experim ents failed to re p e a t  
these  r e s u l ts  - the sex ra t io  of offspring born  a f te r  insem ination 
was not s ign ifican tly  d iffe ren t from that norm ally  expected ,
Kordts (1952) and P ilz  (1952) found no evidence to confirm 
e lec tro p h o re t ic  sep a ra t io n  of sperm  b ear ing X  and Y chrom osom es, 
while M acPherson and V esse linov itch  (1959) using  bull sperm , rep o r te d  
a un id irec tiona l m igra tion  tow ards  the cathode, and the r e s u l ts  of 
insem ination showed, if  anything, that a c en tra l  f rac tion  (ne ither  
anodic nor cathodic) might p e rhaps  yield an e x cess  of female o ffspring .
Ne VO, M ichael! and Schind ler (I96I) conducted th e i r  e x ­
perim ents with bovine and rab b it  sperm , immobilised e i th e r  by low 
tem pera tu re  o r  by carb on  d iox ide ,and  found only an anodic m igra tion  
of sperm  at pHs between 2 .5  and 8 .5 .  They a lso  found that the i s o ­
e le c t r ic  point of both rab b it  and bovine sperm  was around 3*5, much 
low er than that suggested  by S c h rd d e r .  Bangham (1962), using  rab b it  
and ram sperm , observed  two types of sperm when an e le c t r ic  field was 
applied ;
(a) T a il-anode  spe rm , with a net negative charge  on the t a i l s ,  
swimming at v a r ia b le  speed t a i l - f i r s t  tow ards the anode. 
When the c u r re n t  was switched off, these  sperm a c c e le ra te d  
away from the anode.
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(b) Head-anode sperm , with a ne t negative charge  on the 
head , swimming v e ry  rap id ly  tow ards the anode and 
d ece le ra t in g  when the c u r re n t  was switched off.
The p ro p o rtio n s  of the two types v a r ie d  with pH and ionic concen­
t ra t io n .  If the sperm  w ere  completely immobilised, a t acid p H s , 
they w ere  o bserved  to show a uniform t a i l - f i r s t  anodic m igra tion .
In a study on galvanic se p a ra t io n ,  Hafs and Boyd (1971) 
accumulated sex ra t io  da ta  a f te r  insemination with f rac tio n s  of 
rab b it  and bull sperm  se p a ra te d  in th ree  types of e lec tro p h o re t ic  
a p p a ra tu s .  Visual o b se rva tion s  of sperm behaviour in a fourth  cell 
rev e a le d  a tw o-w ay m ig ra t io n , with sperm becoming o r ien ta ted  as 
"head-anode" o r  " ta i l -a n o d e " within 5 seconds. With bovine sperm , 
the sex ra t io  of the ca lv es  born  a fte r  insemination with f rac tiona ted  
sperm was not sign ifican tly  d iffe ren t from that expected norm ally , 
while the rab b it  da ta  suggested  a slight deviation in sex ra t io  of the 
young born from anode- and cathode-m igra ting  sperm , with cathodic 
f rac t io n s  producing more m ales in the l i t t e r s .  These  w o rk e rs  
s t r e s s e d  that tem p era tu re ,  ionic s treng th  of the buffer and e le c t r ic  
potential applied w ere  th re e  v e ry  im portant v a r ia b le s  which needed 
to be balanced to achieve a v isu a l  galvanic separa tion  and they  also  
pointed out tha t e le c t ro p h o re s is  worked to reduce  sperm motility 
and that the immobilised sperm  w ere  pushed tow ards the anode.
The m ost re c e n t  galvanic separa tio n  r e s u l t s  have been those  
of S h is ito , S h ira i  and M atsuda (1974) and S h is i to , Sh ira i and Sasaki 
(1975), using  human sperm , with the f lu o rescen t  staining technique 
for the Y -bearing  sperm  as a m onitor. These findings, c o n tra ry  to 
those of Hafs and Boyd (1971), w ere  that Y sperm m igrated  predom inantly  
to the anode and X sperm  to the cathode, with sperm  from in fe r t i le
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pa tien ts  showing the same tren d  as sperm from norm al v o lu n te e rs .  
The effects  of ga lvan isation  d isap p ea red  15 minutes a f te r  the 
e le c t r ic  c u r r e n t  was sw itched off, with the p rop o rtions  of X and Y 
sperm  re v e r t in g  to p re -g a lv an isa t io n  le v e ls .  They observed  also  
tha t sperm  m igrating  to the cathode showed a reduced  m otility , 
while sperm  m igrating  to the anode showed an in c re a s in g  motility - 
but th ese  changes w ere  t r a n s i to r y .
From  the r e s u l t s  obtained using  e le c t ro p h o re s is ,  it  is  
obvious tha t the evidence is  conlTicting, with a lack  of confirm ation 
by d ifferen t w o rk e r s ,  o r  even by the same w o rk e r .  F a i lu re  to 
re p e a t  f i r s t  experim ents may be owing to inab ility  to rep ro duce  
exact experim ental conditions o r  it may be tha t the f i r s t  r e s u l t  was 
m ere ly  chance fluctuation . H ow ever, when two w o rk e rs  obtain 
s ta t is t ic a l ly  significant but conflicting r e s u l t s ,  the difficulty  o ccu rs  
in deciding w hether a r e a l  phenomenon ex is ts  o r  w hether the ex ­
perim enta l p a ra m e te rs  a re  not yet fully u n d e rs to o d .
1 .6  ANTIGENIC SEPARATION
This involves an e n t i re ly  d ifferen t approach  to the contro l 
of sex of the o ffsp ring . The question of w hether immunisation of 
females against sperm  would affect th e i r  b reed ing  perform ance was 
ra i s e d  many y e a r s  ago when the ab ility  of animals to form antibodies 
against sperm  was dem onstra ted  f i r s t  by Metchnikoff (1899 and 1900). 
He in jected  guinea pigs with semen o r  with m acera ted  te s te s  from a 
v a r ie ty  of sp ec ie s  and found subsequently  that the serum  of the guinea 
pigs immobilised the sperm  of hum ans, b u l ls ,  rab b its  and guinea p ig s . 
This production of antibodies against sperm  would undoubtedly be a
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usefu l method of f e r t i l i ty  co n tro l ,  but although th e re  have been 
many experim ents using  m a te r ia ls  from the male rep rod uc tive  t r a c ts  
of a number of sp e c ie s ,  no sa t is fa c to ry  answ er has been obtained , 
as y e t .  T y le r  (1961) has  review ed 150 r e p o r ts  of immunisation of 
females with sperm  o r  with te s t i s  t i s s u e ,  and has concluded that 
no re l iab le  method for the immunological con tro l of fe r t i l i ty  has 
been dem onstra ted  in any sp e c ie s .
From  th is  w ork , the poss ib il i ty  a ro se  tha t antibodies 
might be produced sp ec if ica lly  aga inst X- o r  Y -bearing  sperm , with 
subsequent con tro l of the sex  of the offspring . The work began when 
Eichwald and S ilm ser (1955) re p o r te d  that the behaviour of skin 
iso g ra f ts  among an inbred  s t r a in  of m ice, (C57BL), deviated  from 
the expecta tion  tha t all g ra f ts  would su rv iv e ,  the individuals of an 
inbred  s t ra in  being genetica lly  iden tica l.  G rafts  from male donors  
w ere  re je c te d  by female r e c ip ie n ts ,  while th e re  w ere  almost no 
g ra f t  fa i lu re s  in all o ther  sex com binations. T hese  m ale-to -fem ale  
effects  could be explained by the ex is tence  of a sex-linked  h is to ­
compatibility  an tigen , whose gene locus was most probably  on the 
Y chromosome.
Feldman (1958) showed that the Y-linked histocom patib ility  
antigen ex is ted  in o th e r  s t r a in s  of mice and a lso ,  in male t i s s u e s ,  
o th e r  than skin; m ale-to -fem ale  somatic t is su e  g ra f ts  w ere  a lso  
re je c te d  by an immune re a c t io n .  Both he and Sachs and H e lle r  
(1958) independently suggested  that serum  from in -b re d  fem ales, 
immunised by g ra f ts  from m ales of the same s t r a in ,  might se lec tiv e ly  
im pair  the fe r t i l i s in g  capacity  of sperm  ca r ry in g  the Y chromosome 
in a mixed population of X and Y sperm . The serum  of females 
would, p resum ab ly , contain antibodies spec if ica lly  d irec te d  aga inst
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the H-Y antigen e x p re ssed  on the sperm  cell su r fa c e .  This 
agglutination and imm obilisation of the Y sperm , leaving  X -b earin g  
sperm  unaffec ted , would be an elegant method of sex  co n tro l ,  r e ­
sulting in the production  of female offspring only. Immunised 
fem ales might be mated n a tu ra l ly ,  but even if the c ircu la tin g  a n ti­
bodies did not r e a c h  the spe rm , the technique could be applied in 
v i t ro  by mixing an tise rum  with the sperm p r io r  to a r t i f ic ia l  
insem ination.
In o rd e r  to t e s t  th is  th e o ry ,  Beatty  (I960) in jected  rabb it  
does e i th e r  subcutaneously  o r  in travenously  with rab b it  sperm , but 
following mating and conception , the sex ra t io  of the offspring  was 
not found to be s ign ifican tly  d iffe ren t from that in u n trea te d  does . 
M cL aren  (1964, 1965), in h e r  s tud ies  on m ice, a lso  failed  to show 
any a lte ra t io n  in the sex ra t io  of the offspring a f te r  immunising 
m others aga inst the Y an tigen , using  skin g ra f t s .  Edw ards (quoted 
by T y le r  and B ishop , 1963), took two inbred  s t r a in s  of mice and 
b a c k c ro sse d  m ales of one inbred  s t ra in  (A) with fem ales of ano ther  
s t r a in  (B) i . e .  indiv iduals w ere  p re p a re d  in which the Y chrom o­
some of s t r a in  A w ere  a sso c ia ted  with a background la rg e ly  of B 
autosomal g en es . The sperm  of these  males w ere  u sed  to immunise 
s t r a in  B fem ales , o r  to produce  a n t is e ra  in r a b b i t s .  H ow ever, 
following mating of the immunised females o r  insem ination of normal 
females with sperm  t r e a te d  with rabb it  a n t i s e r a ,  no significant 
d ifference  in the sex ra t io  of the offspring was noted .
A positive  claim came from Burkov (1968), who assum ed 
tha t  the Z chromosomes of b i rd s  w ere  homologous to the Y chromosomes 
of mammals, (in b i r d s ,  females a re  the he terogam etic  se x ,  ZW , 
m ales being hom ogam etic , ZZ). A fter immunising female rab b its
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with cock sem en, and then inseminating them with rab b it  semen, 
he rec o rd ed  a defic iency  of male offspring .
M ore re c e n t ly ,  in 1973, Bennett and Boyse pointed out 
that some of the p rev ious  experim ents had involved determ ining 
the sex ra t io  of the progeny of female mice tha t had re je c ted  skin 
g ra f ts  from m ales of the same s t r a in .  These r e s u l ts  had often 
been negative o r  equivocal. C onsequently , these  au thors  u sed  a 
d ire c t  method fo r a ssay ing  H-Y antibody in se rum , by a complement- 
dependent cyto toxicity  te s t  using  sperm  o r male epiderm al c e l ls .  
They examined the effects  of a r t i f ic ia l ly  inseminating mice with 
sperm  that had been exposed in v itro  to H-Y antibody of known 
cytotoxic potency and a sex ra t io  of 4-5.4% m ales was observed  
using  the t r e a te d  sperm , compared to 53.4% m ales for na tu ra l  
matings and c o n tro ls .  From  th ese  r e s u l t s ,  they suggested  that 
the Y -chromo som e-bearing  sperm may have more H-Y antigen on 
th e i r  s u r f a c e s ,  implying haploid gene e x p re ss io n .  H ow ever, 
since th e re  was a r e la t iv e ly  small shift in sex ra t io ,  th ese  w o rk e rs  
felt that th is  might ind icate  only a small d ifference  in  H-Y antigen 
between X- and Y -bearing  sperm - th is is not lo g ica l ,  su re ly ,  if 
H -Y antigen is  spec if ica lly  re la te d  to a gene locus on the Y chrom o­
some. They mentioned a lso  a second p oss ib il i ty  t h a t , because  skin 
g ra f ts  w ere  used  to produce a n t i s e r a ,  contamination with o ther  
h istocom patib ility  an tibo d ies ,  cytoxic to sperm , might o c c u r ,  
re su lting  in a reduction  in sens it iv i ty  of the method.
From  a su rvey  of human r e c o r d s ,  Renkonen, M akela and 
Lehtovaaha (1962) claimed that a woman who had given b ir th  to one 
o r  more male ch ild ren  was le s s  like ly  to produce fu r th e r  male 
offspring . They postu la ted  that immunisation against Y antigen might
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occur during  gesta tion  of a male foetus and d e c re a s e  the chance 
of a subsequent male foetus being c a r r ie d  to t e r m . Both Edw ards 
(1963) and M cL aren  (1965) have c r i t ic ise d  th is  claim . Edwards 
has quoted Renkonen 's findings of 1956, when he sta ted  tha t " th ere  
was a highly significant tendency to duplicate the sex of the p r e ­
ceding child" - the opposite  to his l a te r  immunisation hypothesis 
and from h e r  work on m ice, M cL aren  (1965) concluded that it  was 
un likely  that immunisation aga inst the Y antigen played the p a r t  
suggested  fo r it by Renkonen in the an tigen ically  complex situation 
of human p regnancy .
M ore re c e n t ly ,  human histocom patability  antigens (HL-A 
antigens) w ere  dem onstra ted  in human semen and sperm atozoa 
(Fe llous and D ausse t ,  1970) but th e i r  ro le  in human rep roduc tion  
has not been fully de te rm ined . These au thors  suggested  .that the 
e x p re ss io n  of the HL-A antigens may be linked to the sex chrom o­
some c a r r ie d  by the sperm ; if so , one might specu la te  on the 
p oss ib il i ty  of gametic se lec tion  based  on the u se  of cytotoxic a n t i ­
bodies recogn is ing  th e se  o r  o ther  sex-linked  an tigens .
T hus, the question of w hether X- and Y -bearing  sperm  
have specific  antigenic  phenotypes determ ined by th e ir  d ifferen t 
chromosomal contents rem ains unansw ered  as  yet and it may not 
be answ ered  c o n c lu s iv e ly , p e rh a p s ,  until  some sep ara tio n  p ro ced u re  
has su c ce ss iv e ly  se p a ra ted  X- and Y -bearing  sperm  into pure  
f ra c t io n s ,  which could then be te s te d  for antibody production .
1 .7  SEDIMENTATION SEPARATIONS
As the mammalian X chromosome is  l a r g e r  than the Y
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chromosome it  i s  p oss ib le  that more DNjA is  p re se n t  in the X- 
bearing  sperm . On th is  b a s i s ,  H arvey  (1946) p roposed  that 
X -bearing  sperm might be h e a v ie r ,  slightly  more dense and 
slightly  l a r g e r  than Y -bearing  sperm . T ogether with a c le a r  
statement of the p rob lem s, he outlined two possib le  p ro ce d u re s  
fo r the separa tion  of X- and Y -bea r in g  sperm by centrifugation :
(a) Non-Equilibrium  Sedimentation
In th is  techn ique , sperm  a re  allowed to fall through a 
flu id , with o r  without the a s s is ta n c e  of cen trifuga tion , until they  
a re  d isp e rse d  in the fluid . The ra te  of fall depends on specific  
g rav ity  and on s ize  and shape, the most rap id  sedimentation 
o c cu rr in g  with high specific  g rav ity  and la rg e  volume.
Unbeknown to H arvey , Lush (1925) had used  th is 
technique on rab b it  semen; he diluted the semen with R in g e r’s 
solution and sep a ra ted  it  into frac tion s  by cen trifuga tion . The top 
and bottom th ird s  of the centrifuged liquid w ere  used  fo r the 
a r t i f ic ia l  insem ination of do es , but no changes in the sex ra t io  of 
the offspring was p roduced .
B ha ttacharya  (1958, 1962) in two sedimentation experim ents 
using  an egg yolk d iluen t, produced consis ten t r e s u l ts  with rabb it  
sperm . The u p per  f rac t io n s  produced a significant excess  of male 
progeny while the low er frac tio n s  produced a significant e x cess  of 
fem ales. B ha ttacharya  (1964) a lso  claimed that examination and 
m easurem ent of sperm  from the separa ted  frac tions  revea led  a 
bimodal size  d is tr ib u t io n ,  with sperm  from the low er frac tions  
having g re a te s t  head leng th , b read th  and density .  H ow ever, a l ­
though Lovelock (I960) observed  a wide density  range of rabb it  
sperm  from a single e jacu la te  on albumin colum ns, insemination of
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"high density"  and "low density"  sperm did not produce a change 
in the sex ra t io  of the o ffsp ring .
Subsequently , A ndersen  and R ottensten (1962), as  well 
as Bedford and Bibeau (1967) w ere  unable to obtain sex ra t io s  
deviating s ign ifican tly  from 50:50  in the rab b it  and thus w ere  
unable to v e r ify  B h a ttac h a ry a 's  findings. Schilling (1971) also 
rep ea ted  B h a ttac h a ry a ' s method exac tly , using rab b it  sperm , 
and obtained s im ila r low fe r t i l i ty  and small l i t t e r  s i z e s ,  but was 
unable to confirm B h a tta c h a ry a 's  r e s u l ts  rega rd ing  sex ra t io  of 
the o ffsp ring , although insem ination of the u p per  frac tio ns  did 
produce 60%  male p rogeny . A fter try ing  se v e ra l  media to find 
one suitable  fo r rab b it  sperm , he concluded that th is  was an u n ­
suitable spec ies  fo r sedimentation sep a ra tio n s  as  some of the sperm 
alw ays sedirnented rap id ly .  He thought that th is might be explained 
by O re sn ik 's  findings (1969) tha t 5-10% of the sperm w ere unusually  
heavy , beyond the u sua l  specific  g rav ity  range  for the rab b it .
Stambaugh and Buckley (1971a and b) u sed  a sedimentation 
sep ara tion  for rabb it  spe rm , linked to an a s s a y  fo r lac tic  dehyd ro ­
genase  enzyme (I.DH), the enzyme which c a ta ly se s  the final step  
in g lyco lysis . In most t i s s u e s ,  a maximum of five isoenzym es of 
LDH a re  found - th ese  can be sep a ra ted  by paper  e le c tro p h o re s is  
and o ther  methods of frac tio n a tio n . Each isoenzyme is  considered  
to be te t r a m e r ic ,  formed from two kinds of subunit, the H subunit 
and the M subunit, and these  subunits can be a s so r te d  into five 
possib le  m olecu lar forms : M ^, M ^H , M2H2 , MH^ and H^ -
th ese  a re  the isoenzym es r e f e r r e d  to as LDH^, LDH^, LDH^,
LDH2 and LDH^, re sp e c t iv e ly .  R ela tive ly  re c e n t  evidence , 
(Appella and Z i to , c ited  by Stambaugh and Buckley, 1971b) has
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indicated that each subunit might co nsis t  of two polypeptide ch a ins , 
thu s :
 R polypeptide chain
H subunit < 3 5
A o r  anionic polypeptide chain 
  M polypeptide chain
M subunit
C o r  cationic polypeptide chain
A unique LDH isoenzym e, called  the isoenzym e , has 
been found in la rg e  quan tit ies  in m ature te s t i s  t i s s u e ,  in sperm atozoa 
and in seminal p lasm a. A su rvey  of rabb it  t i s su e s  a lso  rev ea led  
that X^  ^ isoenzyme o c c u r re d  in t i s s u e s  such as h e a r t  and kidney, 
c h a ra c te r is e d  by th e i r  defic iency  of the M polypep tide . Stambaugh 
and Buckley (1967) p roposed  tha t th is  X^ isoenzyme was a h ybrid , 
formed from the R and C polypeptide chains found in H and M sub­
u n i ts .  Since la rg e  quan tit ies  of the X^ isoenzyme occur only in 
sperm atozoa , which a re  hap lo id , and in m ature te s t i s  t i s s u e ,  which 
contains haploid sperm atids and secondary  sperm atocy tes  (Goldberg 
and H aw trey , 1967), the question  was ra is e d  w hether the gene fo r 
syn thesis  o r  con tro l of syn thes is  of the M polypeptide might be sex- 
linked . Fem ales lack  a Y chromosome, but s ti ll  p roduce the M 
polypeptide and the hypothesis  i s ,  then , that the gene locus for the 
M polypeptide might be located  on the X chromosome. Thus the X^ 
isoenzyme might r e p re s e n t  haploid ex p ress io n  of the gene in m ale- 
producing ( i . e .  Y -bearing) sperm , due to the absence of the X 
chromosome c a r ry in g  the M polypeptide lo cus .
To t e s t  th is  th e o ry ,  rabb it  sperm w ere  frac tiona ted  on 
discontinuous d ex tran  g rad ien ts  (not centrifuged to equilibrium ) 
and the superna tan t la y e r s  w ere  h a rv e s te d ,  with half the sperm on 
these  la y e rs  being u sed  for an LDH a ssa y .  Subsequently , only
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those  su p e rn a tan ts  with a definite  predominance of R polypeptide 
chain w ere  u sed  fo r in tra u te r in e  insem ination of the does . It was 
found that sperm  from th ese  supernatan t la y e r s  produced a p r e ­
dominance of male fo e tu ses ,  lending support to th e i r  hypothesis 
that the isoenzyme might be c h a ra c te r i s t ic  of Y -bearing  sperm . 
This finding a lso  in troduced  the poss ib il i ty  that the X^ isoenzyme 
could be used  as an a s s a y  for determ ining the p e rcen tage  of m ale- 
and fem ale-producing  sperm  in frac tiona ted  semen specim ens.
Sedimentation se p a ra t io n s  have been applied also  to 
bovine sperm . Lindahl (194-8) d e sc r ib ed  the p r inc ip le  of c o u n te r ­
stream ing cen trifuga tion  as a means of separa tin g  p a r t ic le s  and 
l a te r  applied th is  p r in c ip le  to the sep ara tion  of bovine sperm . A 
simple explanation of th is  p rin c ip le  is  that a conical tube is  mounted 
in a ro to r  with i ts  apex tow ards  the p e r ip h e ry  and its  base  tow ards 
the cen tre  of ro ta t io n .  L iquid , containing the p a r t ic le s  to be 
se p a ra te d ,  is  s tream ed from the p e r ip h e ry  tow ards  the cen tre  of 
ro ta t io n  :
C e n t r e  of
When cen trifuga tion  beg in s , the cen trifugal fo rce  is  applied to the 
p a r t ic le s  in a d i rec tio n  opposite  to the cen tr ip e ta l  flow of liquid .
F o r  p a r t ic le s  of a c e r ta in  s iz e ,  the cen trifugal and cen tr ip e ta l  
fo rce s  a re  balanced a t a c e r ta in  d is tance  from the c en tre  of ro ta t io n .  
Sm aller p a r t ic le s  with low er sedimentation r a te s  rea ch  th is  point 
of dynamic equilibrium  n e a r e r  the cen tre  of ro ta t io n ,  while l a r g e r
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p a r t ic le s  with h ig her  sedimeritatiorL r a te s  re a c h  equilibrium at 
points n e a r e r  the p e r ip h e ry .  V ery  small p a r t i c le s ,  with v e ry  low 
sedim entation r a t e s ,  a re  t ra n s p o r te d  out of the tube . In th is  way, 
the conical tube ac ts  as a s iev e , separa tin g  p a r t ic le s  according  to 
the s ize  and the limit between two frac tio ns  of p a r t i c l e s ,  one 
re ta in ed  and the o ther  r e le a s e d  from the tube , is  determ ined by the 
speed of cen tr ifuga tion , ve loc ity  of the liquid s tream  and the 
dimensions of the  conical tube .
L indah l's  working hypothesis  was that X sperm would 
sediment f a s te r  than  Y sperm , and would be re ta in ed  in the c o u n te r ­
stream ing cen tr ifu g e . C attle  w ere  chosen for the sep ara tion  
experim en ts , because  of the re la t iv e ly  la rg e  s ize  d ifference  between 
X and Y chromosomes in th is  sp e c ie s .  The r e s u l ts  of L indahl's  
experim ental s e r ie s  in 1956 showed that insem ination of the re ta ined  
"h eav ie r"  sperm , produced all male progeny although the fe r t i l i ty  
of the sperm was red u c ed . How ever, attempts to confirm th is  
r e s u l t  failed in 1958 (a ,  b), when the sex ra t io s  of the offspring 
produced did not d iffer  s ign ifican tly  from those cons idered  norm al 
fo r  ca t t le .  The r e s u l t  of all male progeny from the re ta ined  
"h eav ie r"  sperm  was not con s is ten t  with L indahl's  hypothesis that 
the "heav ie r"  sperm  would produce female progeny . Lindahl (1971) 
explained th is  by pointing out that h igher  cen trifuga l fo rces  w ere  
u sed  in the 1956 experim en ts ,  compared to those c a r r ie d  out l a t e r .  
This would tend to cause  re ten tio n  of more of the l ig h te r  sperm , 
but because  an in c re a se d  liquid ve loc ity  was u se d  also  in the e a r ly  
experim en ts , th e re  would have been a tendency to c a r r y  "light" 
sperm  from the se p a ra t io n  cham ber.
Sedimentation separa tions of bovine sperm  have been c a r r ie d
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out ex tensively  by Schilling (1965, 1966, 1971) and by Schilling , 
Jazbec and Schmid (1967) and consis ten t r e s u l ts  from these  
experim ents have been r e p o r t e d . A  skim milk - g lycero l - egg yolk 
diluent was used  and insem ination of the top and bottom frac tio n s  
gave a p reponderance  of m ales and females re sp e c t iv e ly ,  i . e .  
" l igh te r"  sperm produced male o ffsp ring , in c o n tra s t  to L indahl's  
r e s u l t s .  Schilling has re p o r te d  also that sperm from the low er 
f rac tio n s  contained 3*7% more DNA, more arg in ine  and o ther  bas ic  
amino acids than sperm from the upper f ra c t io n s ,  as well as 
d iffering in head s iz e ,  specific  g rav ity  and sedimentation ve loc ity . 
Knaack (1968), as re p o r te d  by Schilling (1971), produced indepen­
dently  an egg yolk - milk medium fo r sedimentation of bovine sperm  
and rep o r te d  s im ila r  r e s u l t s  to those of Schilling (1965, 1966) and 
Schilling et a l . (1967).
H ow ever, B h a ttach a ry a ,  Bangham, C ro , Keynes and 
Rowson (1966) w ere  unable to rep e a t  the su ccess  of the e a r l i e r  
rab b it  sperm  se p a ra t io n s ,  u s ing  bovine sperm  on the same egg yolk 
medium, and found no change in the sex ra t io  of the offspring a f te r  
insemination of u p per  and low er f rac t io n s .  This finding was 
supported  by Lavon et a l . (1971), although Krzanowski (1970) found 
a significant in c re a s e  in the p roportion  of female offspring from 
low er f rac tion s  when bovine sperm w ere allowed to sediment through 
skim-milk egg yolk m edia. H ow ever, the view was e x p re ssed  that 
m ore rap id  sedimentation of X -bear ing  sperm might not be because  
of th e i r  supposedly g r e a te r  weight, but poss ib ly  because  of th e i r  
tendency to form a g g lo m era t io n s , which sediment much fa s te r  than 
individual sperm . The d ifference  in ab ility  between X and Y 
sperm to form agglom erations might depend on the su rface  p ro p e r t ie s  
of the sp e rm .
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Since it has  become poss ib le  to identify  the human Y 
sperm  by f lu o rescen t  s ta in ing , de ta ils  of se v e ra l  techniques for 
the separa tio n  of human X and Y sperm have been published . In 
1973, E r ic s s o n ,  Langevin and Nishino d e sc r ib e d  a p ro ced u re  for 
the iso la tion  of f rac t io n s  r ic h  in human Y sperm . W ashed human 
sperm , resu sp en d ed  in T y ro d e 's  solution, w ere  lay e red  on top of 
bovine serum albumin so lu tions . After a tim e, the la y e r s  of albumin 
w ere  h a rv es ted  and the sperm  rec o v e re d  by washing and c e n t r i ­
fugation. They found tha t the low er albumin la y e rs  contained more 
motile sperm and subsequent qu inacrine  staining of these  sperm 
showed that a la rg e  pe rcen tage  of them w ere  Y -bearing . No 
r e s u l ts  from insem ination of th ese  sperm have been published to 
d a te .
Sedimentation sep a ra t io n s  of human sperm , with f luo rescen t 
staining of the Y chromosome as m onitor, have been rep o r te d  also  
by Quinlivan and Sullivan (1974). Attempted sep a ra t io n  of X and 
Y sperm un d e r  g rav ity  was u n su c ce ss fu l ,  although when sedim en­
ta tion  was aided by cen tr ifuga tion , fo r 10 minutes at 120 g. , th e re  
was a slightly  h igh er  pe rcen tage  of X sperm  (without an F-body) 
in the deposit than in e i th e r  the o rig inal sample o r  in the supernatan t,
Sedimentation se p a ra t io n s  of human sperm  have been 
c a r r ie d  out r e c e n t ly  by Rohde, Portsm ann , P reh n  and D drner  (1975). 
T hese  w o rk e rs  found th a t ,  when washed human sperm w ere  c e n t r i ­
fuged on discontinuous su c ro se  g ra d ie n ts ,  a c h a ra c te r i s t ic  four 
band p a tte rn  was produced within the g rad ien t and a p rec ip ita te  
formed at the bottom of the tube . The banding p a tte rn  was r e ­
producib le  with cen tr ifuga l fo rce s  between 77 ,500  g. and 12,000 g, 
for cen trifuga tion  times of 30 m in s . o r  60 mins . A fter h a rv e s t in g ,  
the sperm  w ere sta ined  with quinacrine  and the Y -bearing  sperm
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w ere counted. The r e s u l ts  showed that the two upperm ost bands 
in the g rad ien t contained a g r e a te r  p roportion  of Y -bearing  sperm 
than e i th e r  the low er bands , p rec ip ita te  o r  con tro l .
(b) Equilibrium Sedimentation
This d e s c r ib e s  the technique w here sperm atozoa a re  
centrifuged through a density  g rad ien t and come to r e s t  at the 
"isopycnic point" w here  the specific  g rav ity  of the individual sperm 
is  equal to that of the su rround ing  medium. Thus , m easurem ent 
of the specific  g rav ity  of individual sperm may be m ad e , in addition 
to the sep a ra tio n  of a mixed population into sub-populations with 
d ifferen t specific  g ra v i t ie s .  The density  of a cell re f le c ts  i ts  
average  chemical composition r a th e r  than i ts  su rface  c h a r a c te r ­
i s t ic s  o r s iz e ,  so that the equilibrium  point is  not dependent on 
cell  s ize  and shape , but on specific  g rav ity  a lone.
B ened ic t,  Schumalcer and Davies (1967) a f te r  tes ting  a 
v a r ie ty  of g rad ien t m edia, u sed  the methyl glue amine sa lt  (MGU) of 
um bradilic  acid  for the sep a ra t io n  of rabb it sperm  and bovine sperm . 
They found that bovine sperm  sep a ra ted  in a low -dens ity  band and 
a h ig h -dens ity  band. Rabbit sperm  behaved in a s im ila r  m anner on 
the l in e a r  g ra d ie n ts ,  and the two bands w ere  u sed  for a r t i f ic ia l  
insem ination of do es . H ow ever, no effect on the sex ra t io  of the 
o ffspring was rep o r te d  . Beatty  (1964 and 1969), provided supporting 
evidence for these  findings a f te r  insemination of rabb it  sperm 
frac tiona ted  into d ifferen t specific  g rav ity  c la s s e s  on a d ex tran  
density  g rad ien t.
The r e s u l ts  of sedim entation sep ara tion s  a re  conflicting, 
with lack of confirm ation by d ifferen t w ork e rs  and even by the same 
w o rk e rs ,  and it  is  im possible  to rea ch  any gen era l  conclusion about
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the efficacy of the method. How ever, the cons is ten t  r e s u l ts  
obtained by Schilling and c o -w o rk e r s ,  over se v e ra l  y e a r s ,  must 
be borne  in mind and the tren d  of th e i r  r e s u l t s  is  supported by 
most o ther  w o rk e r s .
M ore re c e n t ly ,  B eatty  and Fechheim er (1972) have ob­
tained a modest d eg ree  of sep a ra t io n  of diploid and haploid rabb it  
sperm , by non-equilib rium  sedim entation. Diploid (4 4 -chromo some) 
rab b it  sperm  a re  tw ice the s ize  of normal (2 2 -chromo some) haploid 
sperm  and can be reco gn ised  ea s i ly .  B ecause  of th is  g rea t  s ize  
d i f f e re n c e , i t  was expected tha t the ra te  of sedimentation of the 
two types of sperm  would d iffer  and, indeed , the r e s u l ts  showed 
that the low er f rac t io n  of the g rad ien t contained a h igher  pe rcen tage  
of diploid s p e rm .
1 .8  FROTH FLOTATION SEPARATION
Conflicting r e s u l ts  from many w o rk e rs  using  sedimentation 
and e le c tro p h o re s is  to s e p a ra te  X and Y sperm led to the hypothesis  
by M ore O' F e r r a l l , Meacham and Forem an (1968) that th e re  might 
be d if fe ren ces  in su rface  chem is try  of the two types of sperm , 
depending on the sex chromosome c a r r ie d .  F ro th  flo ta tion , which 
has been used  to se p a ra te  both m inera ls  and m icroorganism s on 
the b a s is  of su rface  d if fe re n c e s ,  was applied to rab b it  semen, with 
insem ination of the se p a ra ted  sperm  fra c t io n s .  A ir  was allowed to 
bubble through dilu ted  rab b it  semen on a flotation c e l l . Some sperm  
attached to the a i r  bubbles and w ere  collec ted  with the fro th  - th is  
frac tion  was term ed the " f loa t" , while the f rac tion  rem aining was 
r e f e r r e d  to as the " s in k " .  The sex  ra t io  of the offspring born  a f te r
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insem ination with the float and sink frac tions  did not d iffer s ig ­
n ifican tly  from norm al, although the fact that a separa tion  did occu r 
might suggest tha t some su rface  d ifference  does ex is t  between sperm . 
How ever, the  au th o rs  found that the p ro po rtion s  of sperm in float 
and sink f rac tio n s  could be v a r ie d  by a lte r in g  the pH of the diluted 
semen, which indicated  that the su rface  d iffe ren ce , if it  did e x is t ,  
was not determ ined by the sex chromosome c a r r ie d  in the sperm .
1 .9  SEPARATION OF HUMAN X AND Y SPERM ,
USING A GEL FILTRATION TECHNIQUE
Steeno, Adimoelja and Steeno (1975b) have d e sc r ib e d  a gel 
f i l t ra t io n  method fo r the sep a ra t io n  of human X and Y sperm , using  
Sephadex G-50 . When human sperm w ere  applied to a 12 cm. 
column of the ge l, in L ocke 's  f lu id , the f rac tio n s  re c o v e re d  f i r s t  
from the column contained motile sperm and, when these  sperm w ere  
s ta ined with qu inacrine  d ih y d ro ch lo r id e , they  appeared  to be mainly 
X -b e a r in g ,  i . e .  lacking an F -body . The gel was w ashed, to f ree  
sperm which had been a d so rb ed , and f lu o rescen t  sta ining of these  
sperm  showed that a high percen tage  of them contained an F -body ,
i . e .  these  sperm  w ere  Y -b ear ing . No explanation has been suggested  
by the au th o rs  for th is phenomenon, except that p e rh ap s  the e le c t r o ­
lyte balance of L ocke 's  fluid might be im portant. F inal p roof of 
the separa tion  must come from insemination t r i a l s ,  but no r e s u l ts  
a re  availab le  ye t.
1.10 TREATMENT OF SEMEN WITH HORMONES
A number of R uss ian  and E a s te rn  E uropean  w o rk e rs  have
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re p o r te d  success fu l  con tro l of the sex ra t io  following trea tm ent 
of semen with horm ones. F o r  example, V ladim irskaya (1966) 
re p o r te d  an in c re a s e d  p ropo rtion  of male offspring  a f te r  insem inating 
b o a rs  with a n d ro g e n - tre a te d  sem en, while oestrogen  trea tm ent 
y ielded  an in c re a se d  p rop o rtion  of fem ales. No explanation of th is  
has been advanced and substan tia ting  evidence from o ther  w o rk e rs  
is  lack ing , although taken  at face v a lu e , these  r e p o r t s  p re se n t  a 
c a se  for easy  and su ccess fu l  contro l of sex r a t io .  R ecently , B eck, 
H e rsc h e l ,  H ungershdfer  and Schwinger (1976) have rep o r te d  tha t 
o e s t ro g e n s ,  and to a l e s s e r  extent t e s to s te r o n e , a c c e le ra te  sperm  
m otility , but no specific  d if fe ren tia l  effects on the m igra tion  and 
d is tr ib u tio n  of human X and Y sperm  w ere o b se rv ed .
In addition to the experim ental approaches  d e sc r ib e d ,  some 
au tho rs  have re p o r te d  tha t environm ental and biological fac to rs  may 
e x e r t  an influence on the sex  ra t io  of offspring p roduced . These  
fa c to rs  include:
1.11 CHANGES IN ATMOSPHERIC PR ESSU R E
V arious a sp ec ts  of environment have been modified by 
r e s e a r c h e r s  to study rep ro d u c tiv e  phenomena, but l i t t le  evidence 
is  availab le  re g a rd in g  the influence of a tm ospheric  p r e s s u r e  on 
mammalian rep rod uc tive  ac tiv ity . Unconfirmed r e p o r ts  suggested  
that b u l ls ,  moved from n e a r  sea  level to high a lt i tudes in the 
mountains of South A m erica , tended to s i r e  a h igher p roportion  of 
male ca lves  soon a f te r  being moved and l a t e r  e s tab lished  a m ore 
equal sex r a t i o . T hese  r e p o r t s  led  to inves tiga tions  by Foote and 
Quevedo (1971) on the  influence of a tm ospheric  p r e s s u r e  on sex  ra t io  
Bull semen was co llec ted  at 300 m. above sea  level and u sed  to
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insem inate a group of cows at 2 ,750  m. e levation . 68% of the 
38 ca lves  born  to th is  group w ere  m ale. In addition, rabb it  semen 
and bull semen w ere  sub jec ted , in the la b o ra to ry ,  to 15 cm. ,
30 cm. o r  60 cm, vacuum for 10 o r  15 minutes before insem ination. 
Of 13 H erefo rd  ca lves b o rn ,  11 w ere  m ale. F o r  r a b b i t s ,  the sex 
ra t io  of the offspring was not significantly  d ifferen t from n o rm a l , 
although the sex ra t io  modification was in the same d irec tio n  as 
for c a t t le .  From th ese  r e s u l t s ,  the au thors suggested that sub­
jecting semen to a negative  p r e s s u re  of 15- 30 cm. in c re a se d  the 
p roportion  of m ales b o rn ,  but a fu r th e r  d e c re a se  in p r e s s u re  had 
no effect. Lindahl (1958b) suggested , from his cen trifuga tion  
experim en ts , that fem ale-producing  sperm might be more sensitive  
to m echanical s t r e s s  than the m ale-producing  sperm , and Foote and 
Quevedo (1971) felt that th is  might apply in the case  of a tm ospheric  
p r e s s u r e  chan ges , as th e i r  r e s u l ts  had indicated  that sperm  bearing  
the X chromosome seemed to be p a r t ic u la r ly  affected by a d e c re a se  
in a tm ospheric  p r e s s u r e .  They went on to suggest that X -bearing  
sperm  might be more suscep tib le  to "mild" s t r e s s  and that if t r e a t ­
ment became more s e v e re ,  X and Y sperm would be affected about 
equally . In th e i r  experim ents only the a i r  p r e s s u r e  was changed, 
and it  is  not known w hether v a r ia t io n  in physical p r e s s u re  o r  in 
availab ili ty  of specific  g a ses  w ere  the contributing fa c to r s .
B ahr (1971b) and Rajammanan (1971) both commented on 
in te re s t in g ,  although unconfirm ed re p o r ts  that Swedish and B r i t ish  
deep sea  d iv e rs  had a p repo nderan ce  of female ch ild ren . How ever, 
as f a r  as is  known, no sc ien tif ic  r e s e a r c h  has been c a r r ie d  out. 
Scanlon (1971) a lso  len t support to th ese  comments by quoting from 
a Canadian u n d e rw a te r  club n e w s le t te r ,  which rep o r te d  a d i s ­
p roportiona te  number of female ch ild ren  among the offspring of
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Scuba d iv e r s .  H ow ever, when Kiddy and B ailey  (1972) te s ted  the 
effects  of both in c re a se d  and d e c re a se d  a tm ospheric  p r e s s u r e  on 
rab b it  sem en, th e i r  r e s u l ts  did not indicate  a s ignificant change in 
the  sex ra t io  of embryos from e i th e r  reg im e.
1.12 MALE BLOOD pH
M cW hirter (1960) published a sho rt  rev iew  on the r e la t io n ­
ship between male blood pH and sex ra tio  pe rfo rm ance . He es tab lished  
the following sequence of p ropositions  ;
(a) Sex ra t io  pe rfo rm ances  w ere  subject to significant 
v a r i a t io n s .
(b) A la rg e  p a r t  of th is  v a r ia t io n  could be t r a c e d  to 
individual m ales .
(c) C ircum stances  affecting the blood pH of the male 
w ere  connected with v a r ia t io n s  in sex ra t io  
p e rfo rm a n c e .
His own obse rva tio ns  on 32 b u l ls ,  u sed  fo r a r t i f ic ia l  insemination 
in Scotland , w ere  tha t 5 of th ese  bulls changed th e i r  sex ra t io  
pe rfo rm ances  significantly  from y e a r  to y e a r ,  indicating that e n ­
vironm ental fac to rs  might be involved. He a lso  analysed  the e a r l i e r  
data  of Moore and P r ic e  (194-8) on r a t s  subjected to a ltitude s t r e s s .  
This data  rep o r te d  that a f te r  two months at a ltitudes of 7 ,500  ft. 
and 9 ,600  ft . , an in c re a s e d  number of female offspring w ere  p r o ­
duced , while at a lt i tudes of 14,260 ft. , a p ro -m ale  switch o c cu rred  
a fte r  a de lay  of one month. At a contro l a lt i tu d e , the sex ra t io  was 
50%. In addition , M cW hirter  (I960) quoted the work of Heath (1954) 
who re p o r te d  that a th le tic  types of men tended to produce an excess
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of d a u g h te rs .  C r i te r ia  for a th le tic ism  included pulse  r a t e , 
speed of r e c o v e ry  from exert ion  and college r e c o r d s .  T hese  
sc ien tif ica lly  a s s e s s e d  da ta  coincided with one of the o ldest of the 
myths of human sex  r a t io ,  tha t the sex of the offspring  was d e t e r ­
mined by the re la t iv e  physica l o r  mental a t t r ib u te s  of the p a re n ts  , 
the sex of the offspring  being opposite  to that of the su p e r io r  p a re n t .
M cW hirte r  (I96O) advocated that both th ese  r e p o r t s  might 
be explained by the pH th e o ry  advanced by W eir (1955). This 
th e o ry ,  induced from experim ents with two inb red  s t r a in s  of m ice, 
claimed that s i r e s  with a low blood pH tended to produce an e x cess  
of fem ales. With r e g a rd  to the r e s u l ts  of M oore and P r ic e  (194-8), 
a ltitude is  known to p roduce v a r ia t io n s  in blood pH, but they 
conducted no experim ents to r e la te  the v a r ia t io n s  in sex ra t io  to 
e i th e r  the male o r  female p a re n t .  With re g a rd  to H eath 's  d a ta ,  
M cW hirte r  (1960) pointed out that a th le tic  exertion  could cause  a 
t r a n s ie n t  ac ido s is  and hypo thesised  that continued ath le tic ism  might 
induce a sligh t perm anent a c id o s is .  The question of w hether ac idos is  
o r  a th le tic ism  comes f i r s t  rem ains u nansw ered .
W eir (1971) r e p o r te d ,  in some d e ta i l ,  the r e s u l t s  of h is  
inves tiga tions  on the  sex ra t io  of mice as a re sp o n se  to the blood pH 
of the m ale . O ver a num ber of y e a r s ,  h is  experim ents with two 
inb red  s t r a in s  of mice showed tha t s i r e s  of the pHH s t ra in  (with 
high blood pH) produced  m ore male o ffsp r ing , while s i r e s  of the 
pHL s t ra in  (with low blood pH) produced m ore female o ffsp ring .
Since h is  experim ents  showed tha t the blood pH of the male p a re n t  
influenced the sex  ra t io  of the o ffsp ring , he has endeavoured  to 
r e la te  th is  effect to an influence of the Y chrom osome. He also  
found that feeding of acid ic  o r  b a s ic  d ie ts  to male mice could cause  
a change in serum  pH, but th ese  induced changes did not p roduce a
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change in the sex ra t io  of the o ffsp ring . In view of these  negative  
r e s u l t s ,  it  is  un likely  that con tro l of blood pH would be a feas ib le  
means of sex co n tro l ,  although if blood pH va lues could be c o r re la te d  
with sex ra t io  perfo rm ance  of m ales of domestic sp e c ie s ,  a usefu l 
p a r t ia l  con tro l of sex ra t io  might be achieved .
A poss ib le  explanation fo r the male blood pH -sex  ra t io  
re la tio n sh ip  was advanced by M cW hirter (I960) who thought that 
haploid se lec tion  of sperm s might take p lace  during  m aturation  in 
the male rep ro d u c tiv e  t r a c t .  He favoured th is  explanation in 
p re fe re n c e  to the o th e r  more dram atic  p o ss ib il i ty  tha t m eiosis  might 
be d is tu rbed  by minute a l te ra t io n s  of blood pH, with unequal num bers 
of X- and Y -bearing  sperm  being produced .
1.13 TIMING OF INSEMINATION
Sporad ic  in te r e s t  has been shown in the p o ss ib il i ty  that the 
sex of human offspring  might be re la te d  to the day of the m enstrua l 
cycle on which insem ination o c c u r re d .  It has been dem onstra ted  in 
some low er animals that delayed  fe r t i l is a t io n  may lead  to a d is tu rb an ce  
of the sex r a t io ,  e .g .  Crew (1927) c ited  data  suggesting that la te  
insem ination was r e la te d  to a la rg e  excess  of male offspring in the 
frog . In the c ase  of hum ans, a number of e a r ly  rev iew s have been 
published , e .g .  Asdell (1927), but often the va lid ity  of the da ta  was 
questioned . Siegel (I9 I6), among o th e r s ,  produced data  suggesting 
that insem ination e a r ly  in the cycle  was more l ike ly  to r e s u l t  in 
conception of m ales .  H ow ever, th is  e a r ly  German data  fell into 
d is re p u te ,  mainly following suggestions that the sexes  d iffered  in the 
time in te rv a l  from insem ination to confinement. James (1971) has
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examined th is  l i t e r a tu r e  ex tensive ly .
E xperim ents with la b o ra to ry  animals by H art and Moody 
(1949) and Hammond (1934) and limited e a r ly  work with ca ttle  by 
P e a r l  and P a r 5hiey (1913) from breed ing  e a r ly  and la te  in o e s t ru s  , 
gave some ind ication  tha t la te  b reed ing  produced m ore m ales ,  but 
th ese  r e s u l ts  w ere  not always consis ten t  from one se t  of experim ents 
to the nex t, o r  even within individual r e p o r t s .  Some of th is  v a r ia t io n  
may have been owing to the small num bers of obse rva tion s  in some 
in v e s t ig a t io n s .
Van Demark and M alven (I960) pointed out th a t ,  if  in ­
semination la te  in o e s t ru s  in ca ttle  did affect sex ra t io ,  th is  effect 
would be expected  to be rev e a le d  in a r t i f ic ia l  insem ination r e c o r d s ,  
since the averag e  time of b reed ing  a r t i f ic ia l ly  is  l a t e r  than n a tu ra l  
b reed in g . G a rd n e r  (1950) found p ra c t ic a l ly  the same percen tage  
(51.4%) m ales in 1,783 ca lves  from a r t i f ic ia l  insem ination as 
Johansson (1932) found in 125,000 calves from n a tu ra l  s e rv ice  
(51.5%). Foote and Hall (1954) a lso  failed  to find an in c re a s e  in 
the pe rcen tage  of male ca lves  from n e a r ly  50 ,000 a r t i f ic ia l  in ­
sem inations. Thus, th e re  would seem to be no subs tan tia l  da ta  to 
ind icate  the p roduction  of m ore male calves as a r e s u l t  of time of 
b reed ing  in rou tine  a r t i f ic ia l  insem ination .
The effect of the timing of insem ination o r  coitus on the sex 
ra t io  of the offspring  may be re la te d  to the pH changes which occu r 
in the fluids of the female rep rod uc tive  t r a c t  throughout the cyc le ,  
L am ar, S he ttles  and Delfs (1940) postu la ted  tha t the p ene tra t ion  of 
c e rv ic a l  mucus by sperm  was fac ili ta ted  by high pH, while at o th e r  
tim es in the c y c le ,  when pH was low, sperm  pene tra t ion  was poo r .  
They claimed tha t the u se  of acid ic  o r  a lkaline  douches could influence 
the p en e trab i l i ty  of c e rv ic a l  mucus by X o r  Y sperm . H ow ever,
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many attem pts to re p e a t  th ese  c o n tro v e rs ia l  a c id /a lk a l i  sex contro l 
experim ents produced negative  r e s u l t s .
S ubsequently , S he ttle s  (1970) re p o r te d  that X and Y sperm  
could be se lec ted  fo r  on the b a s is  of d iffe ren tia l  m igra tion  r a te s  in 
acid ic  and b as ic  m edia. B ecause  the pH of human c e rv ica l  mucus 
changed during  the  m ens tru a l  cy c le ,  he suggested  that specific  
timing of co itus might be u sed  to se lec t  for e i th e r  sex p r io r  to 
conception . His hypothesis  was that X -bearing  sperm  m igra ted  
fu r th e r  than Y -bear ing  sperm  in an acid ic  medium and might t h e r e ­
fo re  be m ore r e s i s t a n t  than the Y sperm  to the  d e le te r io u s  effects 
of low pH and tha t although alka line  pH was hosp itab le  to both X- 
and Y -bearing  sp e rm , the sm alle r  Y sperm  m igrated  f a s te r  and 
would re a c h  the ovum f i r s t .
Kleegman (1954) o ffered  c lin ical support to S h e t t le s 's  
th e o ry ,  through a r t i f ic ia l  insem ination s tu d ies ,  while M oghissi (1966) 
showed that human c e rv ic a l  mucus was alkaline around m id-cycle  
and that pH was h ighest (between 7*5 and 8 ,0 )  around ovulation. 
Insem inations perfo rm ed  at the time of ovulation produced a p r e ­
ponderance  of male o ffsp r in g , while insem inations 2 days befo re  
ovulation, when pH was lo w e r ,  produced a high p e rcen tage  of 
fem ales . H ow ever, Cohen (1967), a lso  using  a r t i f ic ia l  insem ination 
d a ta ,  could not confirm  Kleegm an's findings.
When the iden tifica tion  of the human Y -bearing  sperm 
became p o ss ib le ,  by f lu o re sc en t  s ta in ing , D iasio and G lass  (1971) 
re -ex am ined  the influence of pH on the m igra tion  of human X- and Y- 
bear in g  sperm . Human sperm  w ere  allowed to m igra te  into c a p i l la ry  
tubes containing media of va ry ing  pH. They found, c o n tra ry  to 
S h e t t le s ,  tha t the pe rcen tag e  of Y -bearing  sperm  m igrating  into the 
c a p i l la ry  tubes w as not influenced by the pH of the m edia.
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M ore re c e n t ly ,  Rohde, Porstm ann and D drner  (1973)j 
using  ce rv ica l  mucus obtained from women sho rtly  befo re  mid cycle , 
ob served  a highly significant in c re a s e  in num bers of Y -bearing  
sperm , identified  by qu inacrine  sta in ing , in the fron ta l zone of sperm  
m igrating through the m ucus. The absolute number of sperm  in th is  
f ron ta l zone was v e ry  small - only an average  of 22 c e l ls ,  so th is  
method would appea r  to be unsu itab le  for sex con tro l .  H ow ever, 
th ese  findings w ere  supported  by K a ise r ,  B r o e r ,  C ito le r  and 
L e is te r  (1974) who found that with p reov u la to ry  ce rv ica l  m ucus, 
th e re  was a s ta t i s t ic a l ly  s ignificant in c re a se  of Y -bearing  sperm , 
up to a d is tance  of 3 cms . of m ucus, a f te r  incubation under physio ­
logical conditions. From th e i r  r e s u l t s ,  they  suggested  th a t ,  und e r  
a r t i f ic ia l  conditions at l e a s t ,  some se lec tion  did take place in the 
human c e rv ica l  m ucus.
1.14 AGE OF SEMEN
It has been claimed that X- and Y -bearing  sperm  show 
d ifferen t m orta li ty  r a te s  and that delayed fe r t i l i s a t io n  can re s u l t  in 
a change in the sex ra t io  because  of th is .  Bland au and Young (1939) 
showed tha t the ageing of the sperm  and eggs of la b o ra to ry  animals 
re su l te d  in a h igher embryonic death r a t e ,  e sp ec ia lly  when the ageing 
o c cu rred  at body te m p e ra tu re ,  while S a lisb u ry , B ra tton  and Foote 
(1952) showed an ap paren t slight in c re a s e  in the embryonic death  
ra te  in ca ttle  when semen was s to red  p r io r  to b reed ing .
A p re lim in a ry  study by B a ie r  (1957) analysed  the sexes  of 
ca lves from a r t i f ic ia l  insem ination in Germany and found a s ignificant 
in c re a s e  in the pe rcen tag e  of fem ales a f te r  s to rag e  of the semen.
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The work continued and when da ta  from 1,600 b ir th s  was an a ly sed , 
th is  t ren d  was r e v e r s e d  and B a ie r  and H aeger (1958) re p o r te d  no 
deviation  in sex ra t io  from semen s to red  fo r up to 4 days .
Van Demark and M alven (I960) made a study in Illino is of 
the sex of calves produced from a r t i f ic ia l  insem ination following 
the s to rage  of dilu ted semen at room tem p era tu re  fo r up to 1 week. 
S ta t is t ic a l  ana ly s is  of 525 single b ir th s  and 10 se ts  of twins showed 
no significant change in the sex ra t io  with the ageing of sem en, 
although the o v e ra ll  sex ra t io  of 48 m ales p e r  100 ca lves  was s ligh tly  
low er than the expected norm al number of m ales .
M ore r e c e n t ly ,  Math ai and Namboodiripad (1971) rec o rd ed  
the sexes  of ca lves bo rn  a f te r  a r t i f ic ia l  insem ination with e i th e r  
J e r s e y  o r  Red Sind hi sem en, 0 -2 0 ,  21-40 o r  41-60 hou rs  a f te r  semen 
co llec tion . They found tha t the p e rcen tage  of m ales (51.8%) from 
the 21-40 hour s to red  semen was s ignificantly  g r e a te r  than fo r the 
o th er  groups (43-2% and 47.2% re s p e c t iv e ly ) . H ow ever, they  did 
not r e c o rd  any ana ly s is  comparing th is figure  to the sex ra t io  fo r  
e i th e r  n a tu ra l  s e rv ic e  o r  u sua l a r t i f ic ia l  insem ination p ra c t ic e .
From  the foregoing rev iew  of the l i t e r a tu r e ,  it may be 
concluded that confusion e x is ts  in the field of p r im ary  sex con tro l .  
Some tech n iq u es , such as e le c tro p h o re s is  and fro th  f lo ta tion , have 
been u sed  em p ir ica lly ,  because  they  a re  capable  of sp litting  an 
e jacu la te  into two o r  m ore f ra c t io n s ,  not because  they  ex e r t  an 
influence on any known p ro p e r t ie s  of X- o r  Y -bearing  sperm . Often, 
the conditions of experim entation  w ere  poorly  defined - p e rhaps  p a r t  
of the re a so n  why subsequent attem pts to re p e a t  p rev io u s ly  su ccess fu l  
experim ents have fa iled . H ow ever, th is  em pirica l approach  must 
not be d ism issed  c a r e le s s ly  without considering  the problem  con­
fronting  the r e s e a r c h e r  - does iden tification  o r  sep a ra t io n  of X and Y
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sperm  come f i r s t?  Until iden tif ied , the sep ara tion  of X and Y 
sperm  could not be approached  logically ; until se p a ra te d ,  they  
could not be iden tified . At l e a s t ,  th is  was the s ituation  until 
fa ir ly  re c e n t ly .
In the e a r ly  1970's, one technique of g re a t  importance 
em erged - the m eans of identifying the human Y chromosome within 
the sperm head , by qu inacrine  staining (Barlow  and V osa, 1970).
This technique reduced  g re a t ly  the ta sk  of monitoring sperm 
se p a ra t io n s ,  allowing estim ates  of the num bers of Y sperm  in 
se p a ra ted  frac t io n s  to be made d ire c t ly ,  by counting. U nfo rtu na te ly , 
attem pts to apply a s im ila r  technique to the sperm  of o ther  spec ies  
have not been su c c e ss fu l ,  although re c e n t  evidence from B ha ttacharya  
(1976) has claimed tha t the qu inacrine  staining technique may be 
modified and applied to the Y -bearing  sperm  of c a t t le .  P re l im in a ry  
re s u l ts  have been pub lished , but until  full de ta ils  of the technique 
a re  made known, fu r th e r  comment is  not p o ss ib le .
1.15 OUTLINE OF THE STUDY
In th is  th e s i s ,  considera tion  will be given to the p o ss ib il i ty  
of identifying the bovine Y chromosome in m itotic p re p a ra t io n s ,  
using a v a r ie ty  of f lu o rescen t  dyes .  E stab lished  methods of 
separa tin g  sperm  will be app lied , in p a ra l le l ,  to human and to bovine 
sem en, enabling the reco g n ised  quinacrine  staining technique for 
the identification  of the human Y sperm  to be u sed  to monitor the 
se p a ra t io n s .
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CHAPTER TWO
THE FLUORESCENT STAINING OF 
CHROMOSOMES AND SPERMATOZOA
CHAPTER TWO
THE FLUO RESCENT STAINING OF 
CHROMOSOMES AND SPERMATOZOA
2.1 INTRODUCTION
Zech (1969) showed tha t the d is ta l  ends of the long 
arm s of the human Y chromosome flu o resced  more b r i l l ia n t ly  than 
any of the o th e r  chrom osom es, when sta ined  with qu inacrine  
m ustard  and examined in u l t r a  v io le t  l igh t. Vosa (1970) re p o r te d  
tha t  a s im ila r  s ta in ing  of the human Y chromosome was produced 
with qu inacrine  d ihydroch lo ride  (A tebrin). The field was e x ­
tended when Barlow  and Vosa (1970) showed th a t ,  when sta ined  
with qu inacrine  d y e s ,  the human Y -bearing  sperm  could be 
identified  by the p re s e n c e  of a f lu o rescen t  spot o r  F -body within 
the sperm head .
Attempts to apply th is  quinacrine  sta in ing method to the 
Y chrom osomes of 26 o th er  sp e c ie s ,  including the dom estic  cow, 
pig , h o rse  and c a t ,  have not p roved s u c c e s s fu l , ( P e a r s o n ,  
Bobrow , Vosa and B arlow , 1971), although H ansen (1972) has  
claimed that the long a rm s of the bovine Y chromosome f lu o resce  
b r ig h tly  when s ta ined  with qu inacrine  m u sta rd .
It was decided  to examine the staining of human and 
bovine chrom osomes with the qu inacrine  dyes and with o ther  
ac r id ine  d e r iv a t iv e s ,  to see  if in tense  f lu o rescen ce  of the Y
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chromosome of e i th e r  sp e c ie s  was p roduced . In addition, the 
staining of human sperm atozoa  with qu inacrine  d ih y d ro c h lo r id e , 
for iden tification  of the F -b o d y , was examined.
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2 .2  MATERIALS AND METHODS
2 .2 .  1 Human Chromosome P re p a ra t io n s
P e r ip h e ra l  blood sam ples w ere  taken as op tically  from 
healthy  adult m a le s . 0 .5  ml whole blood was added to 4 .5  ml
Ham 's FIG cu ltu re  medium, containing glutam ine, (G ibco-B iocult 
L td . , P a is le y ,  Scotland) and pen ic illin  and streptom ycin  and
0.1 ml phytohaemagglutinin (Reagent g ra d e ,  Wellcome R e se a rc h  
L a b o ra to r ie s ,  Beckenham , Kent, w ere  added. The cu ltu re  was 
incubated at 37°C for 72 h o u rs ,  then 0 .2  ml colcem id, of concen­
tra t io n  80J i i g l m l  (Ciba L a b o ra to r ie s  L td . ,  H orsham , Sussex) was 
added, and the incubation continued for a fu r th e r  2 h o u rs .  A fter 
th is  tim e, the c e l ls  w ere  h a rv e s te d  by cen trifuga tion  and the s u p e r ­
na tan t rem oved . The ce ll  pe lle t  was re su sp en d ed  in hypotonic 
potassium  ch lo ride  so lution (0.075M ) and incubated at 37°G for 4 i  
m inutes. The ce l ls  w ere  r e c o v e re d  by cen trifuga tion  and , a f te r  
d isca rd in g  the su p e rn a ta n t ,  w ere  resuspen ded  in 5-10 ml of cold , 
f re s h ly  p re p a re d  fixative  (3 :1 , methanol : a ce tic  acid) and kept at 
4°C for 30 m inutes . The ce l ls  w ere  re c o v e re d  by cen tr ifuga tion , 
resu sp en d ed  in  f r e s h  fixative  and centrifuged  again . S ev e ra l  d rop s  
of f r e s h  f ixa tive , (enough to make a milky suspens ion ), w ere  added 
to the ce ll  d eposit  and sm ears  w ere  p re p a re d  on c le an ,  wet s l id es  
and d r ied  rap id ly  on a hot p la t e .
2 .2 .2  Bovine Chromosome P re p a ra t io n s
Blood w as d raw n , a se p t ic a l ly ,  from the jugu lar ve ins  of 
m ature  b u l ls ,  into i r r a d i a t e d , s t e r i l e ,  h e p a r in ised  tubes . 1 -2  ml
whole blood w ere  added to 10 ml Weymouth's MB 752/1 cu ltu re
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medium (Flow L a b o ra to r ie s ,  I rv in e ,  Scotland), with added foetal 
calf  se rum , p e n ic il l in ,  s trep tom ycin , glutamine and 5 ml phyto­
haem agglutinin and the  cu ltu re  was incubated at 3 7 °C fo r 4-6-48 
h o u rs .  A fter th is  time , 0 .10-0,15 ml 1% (w /v) co lchicine was added 
and the cu ltu re  r e tu rn e d  to incubate  for a fu r th e r  90 m inutes. The 
ce l ls  w ere  h a rv e s te d  by cen tr ifuga tion , the supe rna tan t  rem oved, 
and the cell  deposit  re su sp e n d ed  in fixative (3 :1 , methanol : ace tic  
acid) at 4°C for 15 m inu tes . Then, the ce lls  w ere  re c o v e re d  by 
cen trifuga tion  and re su sp e n d ed  in f re s h  fixa tive . A fter a fu r th e r  
30 m inutes at 4 °C , the c e l ls  w ere  h a rv e s te d  by cen tr ifuga tion  and 
resu sp e n d ed  in 1 ml f ixa tive . Sm ears w ere  p re p a re d  on c lean  wet 
s lides  and d r ie d  rap id ly  on a hot p la te .
2 .2 .3  C ollection of Human Semen
In itia l ly ,  human sem en, collec ted  by m a s tu rb a t io n , was 
obtained from a hosp ita l  c l in ic ,  but subsequen tly , an a rrangem en t 
was made fo r  semen to be donated anonymously by 13 adult m en.
On a r r iv a l  at the la b o ra to ry ,  a ll semen sam ples w ere  
examined on a heated  s ta g e ,  u n d e r  a light m ic ro sco p e ,  and a s s e s s e d  
fo r  percen tage  m otility  and d e g re e  of p ro g re s s iv e  m otility , accord ing  
to the method of U ls te in  (1972).
2 .2 .4  P re p a ra t io n  of Human Sperm for F lu o re sc e n t  Staining
Human semen was dilu ted with approxim ately  tw ice i ts  
volume of K re b s -H e n s le i t -R in g e r  so lu tion , p re p a re d  accord ing  to 
Mann (1964) and cen trifuged  at 4°C for 10 minutes at 110 g . The 
supe rna tan t  was rem oved and the cell deposit resu spen ded  in  f r e s h  
diluent and cen trifuged  again . This p ro ced u re  was rep e a te d  until
46
th re e  w ashes had been com pleted, then the supern a tan t  was d i s ­
ca rd ed  and the ce ll  deposit  resu sp en d ed  in a few d rops  of fixative 
( 3 :1 ,  methanol : a ce tic  ac id ) ,  to produce a milky suspens ion .
T his suspens ion  was allowed to stand for 2 0 -  30 m inu tes , to com­
p le te  fixation , then  sm ears  w ere  p re p a re d ,  by dropping the 
susp en s ion  on to c lean  wet s l id e s ,  held at an angle of 4 5° , to give 
a th in , even sm e a r .  The sm ears  w ere  d r ied  rap id ly  on a hot p la te .
2 .2 .5  F lu o re sc e n t  Staining
All dye so lu tions w ere  p re p a re d  immediately before  u s e .
1. Q uinacrine M usta rd  (Sigma Chemical Co. L td .,  S t. L ou is ,U SA )
0 .2 5  gm qu inacrine  m ustard  d ihydroch lo ride  was d isso lved  
in 100 ml d is t i l le d  w a te r .  Human and bovine chromosome p re p a ra t io n s  
w ere  s ta ined  in th is  solution fo r  10 - 15 m inutes, then  washed b r ie f ly  
in running tap  w a te r  and in d is t i l led  w a te r .  A fter  d ry ing  rap id ly  on 
a hot p l a t e , the p re p a ra t io n s  w ere  mounted in d is t i l led  w a te r  and 
the c o v e rs l ip s  sea led  with ru b b e r  solution.
2. Q uinacrine  D ihydroch lo ride  ("A teb r in ” , G u r r , S e a r le
D iagnostic , High Wycombe, B u c k s .)
A 0.5% aqueous solution of qu inacrine  d ihydroch lo ride  was 
p re p a re d .  Chromosome p re p a ra t io n s  w ere  sta ined  for 5 - 6  m inu tes , 
followed by b r ie f  r in s e s  in running tap  w ater  and in d is t i l led  w a te r .  
A fter rap id  d ry in g , the p re p a ra t io n s  w ere  mounted in d is t i l led  w a te r  
and the c o v e rs l ip s  sea led  with ru b b e r  solution.
Human sperm  p re p a ra t io n s  w ere  sta ined  in the solution for 
e i th e r  2, 5, 8 , 11, 14, 17 o r  20 m inutes, followed by a b r ie f  
r in s e  in running tap  w a te r  and a b r ie f  r in se  in d is t i l led  w a te r .  A fter 
rap id  d ry in g , the sm ears  w ere  mounted in d is t i l led  w a te r ,  and the 
c o v e rs l ip s  se a le d ,  as b e fo re .
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3. A cridine Orange ( G u r r ,  S e a r le  D iagnostic)
0.1% (w /v) and 0.5% w /v) solutions w ere  p re p a re d ,  in 
d is t i l led  w a te r .  Chromosome p re p a ra t io n s  w ere  sta ined  fo r 5 - 6  
m inutes , then  r in se d  b r ie f ly  in running tap w a te r  and in d is t i l led  
w a te r .  A fter rap id  d ry in g , they  w ere  mounted in d is t i l led  w a te r  
and the c o v e rs l ip s  se a le d ,  as  b e fo re .
4- E u chrysine  2GNX (G u r r ,  S ea r le  D iagnostic)
0.1% (w /v) and 0.5% (w /v) solutions w ere  p re p a re d ,  in 
d is t i l led  w a te r .  The chromosome p re p a ra t io n s  w ere  sta ined  for
5 - 6  m inu tes , then  r in se d  b r ie f ly  in running tap  w a te r  and in d i s ­
t il led  w a t e r . A fter rap id  d ry in g ,  the p re p a ra t io n s  w ere  mounted in 
d is t i l led  w a te r  and the c o v e rs l ip s  se a le d ,  as b e fo re .
2 .2 .6  Conditions fo r M ic roscop ic  Examination
A L eitz  Laborlux  m ic ro sco p e , fitted with an HBO 200W /4 
m erc u ry  vapour lamp, BG12 and BG38 e x c i te r  f i l t e r s ,  and K530 
su p p re ss io n  f i l t e r ,  was u s e d .  Chromosome p re p a ra t io n s  and human 
sperm  sm ears  w ere  examined u n d e r  o il ,  at x 1,000 m agnification, 
us ing  a d a rk  field co n d en se r .
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2 .3  R E SU L T S
Human mitotic chromosome p rep a ra t io n s  sta ined  s im ila rly  
with both qu inacrine  m ustard  d ihydrochloride  and quinacrine  
d ih y d ro ch lo r id e . All the chromosomes f lu o resced  g reen ish -ye llow  
in u l tra v io le t  light but the d is ta l  ends of the long arm s of the Y 
chromosomes f luo resced  m ore b r igh tly  than any o ther  a re a  of the 
chrom osom es. P la te  2.1 shows a human mitotic chromosome p r e ­
p a ra t io n  sta ined  with 0.5% qu inacrine  d ih y d ro ch lo r id e . Note the 
b righ t f lu o rescen ce  of the d is ta l  ends of the long arm s of the Y 
chrom osom e.
Bovine m itotic chromosome p rep a ra t io n s  sta ined with 
both the qu inacrine  dyes f lu o resced  fain tly , to a much l e s s e r  
deg ree  than human chrom osomes and th e re  was no outstanding 
b r i l l ian c e  of the bovine Y chromosome.
When human mitotic chromosome p re p a ra t io n s  w ere  
sta ined with both 0.1% and 0.5% acrid ine  o r a n g e , t h e y  f luo resced  
b righ t o range  in u l t ra v io le t  light but began to fade quite rap id ly .
No p a r t ic u la r  b r i l l ian c e  of the Y chromosome was seen , as shown 
in P la te  2 .2 .  Bovine mitotic chromosome p re p a ra t io n s  a lso  
f lu o resced  orange when s ta ined  with acr id ine  o range  solutions but 
the f luo rescence  was much fa in te r  than that shown with human 
chromosome p re p a ra t io n s  and th e re  was no outstanding b r i l l ian c e  
of the Y chromosome.
When human m itotic chromosome p rep a ra t io n s  w ere  s ta ined  
with e ith e r  0.1% o r 0.5% eu ch rysine  2 GNX and examined in u l t r a ­
v io le t  light, they f lu o resced  g reen ish -ye llow  but began to fade v e ry  
rap id ly . T here  was no p a r t ic u la r  b r i l l ian ce  of the Y chromosome, 
as may be seen  in P la te  2 .3 .  Bovine mitotic chromosome
49
Plate 2. 1 Human Chromosomes stained with 0.5% 
Quinacrine Dihydrochloride (Atebrin)
%
P la te  2 . 2  Human C h r o m o so m e s  s ta in e d  w ith  0.5% 
A c r id in e  O r a n g e
p rep a ra t io n s ,  stained, a lso  with the euchrysine  solutions, f luo resced  
fain tly  ye llo w -g reen  in u l tra v io le t  light and again fading o c c u rre d  
rap id ly . No p a r t ic u la r  b r i l l ia n c e  of the bovine Y chromosome was 
o b s e rv e d .
Both qu inacrine  m u stard  and qu inacrine  d ihydrochloride  
sta in  the human Y chromosome in the same m anner, (Barlow and 
V osa , 1970) and for subsequent examination of the  human Y -bearing  
sperm , the more re a d i ly  availab le  qu inacrine  d ihydrochloride  was 
u se d .  P la te  2 .4  shows a human sperm  sta ined  with qu inacrine  
d ihydroch lo ride  to identify  the F -body  within the sperm  head.
To in ves tiga te  the re la tio n sh ip  between length of staining 
time and the num bers of Y -bearing  sperm  iden tified , 15 sm ears  
of washed fixed human sperm  w ere  p rep a red  from a single e jacu late  
Two sm ears  w ere  s ta ined  with quinacrine  d ihydroch lo ride  for each 
of the following tim es : 2, 5, 11, 14, 17 and 20 m inutes, with
th re e  sm ears  being sta ined  for 8 m inutes. The sm ears  w ere  ex­
amined "blind" in random o r d e r ,  (except for two of the sm ears  
sta ined  for 8 m inu tes , which w ere  examined co n secu tive ly ) , u n d er  
the same m icroscop ic  conditions d e sc r ib e d  p rev ious ly . The r e s u l ts  
of th is  staining t r i a l  a re  shown in Table 2 .1 ;  th e re  was no 
significant d ifference  in  the num bers of Y-b ea r in g  sperm  sco red  
fo r 2 - 1 7  minutes s ta in ing , but the num bers of Y sperm  sco red  for 
20 minutes sta in ing  w ere  s ign ifican tly  lo w e r ,  (p = -^ 0 .0 5 ) .  To 
examine the rep e a ta b il i ty  of the staining technique , duplicate  counts 
w ere  com pared . No significant d ifference  was found between 
th e s e ,  (p = -<10. 05), except when a staining time of 14 minutes 
was u se d ,  and in th is  c a s e ,  s ignificantly  d ifferen t counts w ere  
ob ta in ed .
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Plato 2 . 3  Human Chromosomes stained with 0.5% 
Euchrysine 2 GNX
/
%
Plate 2 .4  Human Sperm stained with 0.5%
Quinacrine Dihydrochloride (Atebrin)
TABLE 2.1 R esu lts  of Q uinacrine Staining of 
Human Sperm atozoa using d ifferen t 
lengths of s ta ining time
Length of 
Staining Time 
(mins)
Total
Sperm
Counted
Number of 
Y Sperm 
Counted
2
2 302 ) 602 ?3 ) ^54
5
5 300 ) 602 76 ) 152
8
8
8
300 )
312 ) 915 
303 )
87 )
71 ) 229 
71 )
11
11 303 ) 603 66 ) 146
14
14 300 ) 600 58 ) 143
17
17 303 ) 603 144
20
20 ^ ) 6 0 3 52 )109
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2 .4  DISCUSSION
Human semen was obtained in it ia lly  from a hosp ita l  c lin ic  
but th e re  w ere  two d isadv an tages :  f i r s t ly ,  many of the samples
showed poor sperm  d ensity  and motility  and secondly , the time 
between e jacu la tion  and a r r iv a l  of the sample at the la b o ra to ry  was 
v e ry  v a r ia b le .  T h e re fo re  an a rrangem ent was made for v o lu n teers  
to donate semen anonymously for u se  within 3 - 4  hours of 
e jacu la tion .
The f lu o resc en t  dyes u sed  in th ese  experim ents to sta in  
the mitotic chromosome p re p a ra t io n s  w ere  all a c r id ine  d e r iv a t iv e s .  
When human chrom osomes w ere  sta ined  with the qu inacrine  com­
p o u n d s , th e re  was in tense  H uorescence  of the d is ta l  ends of the 
long arm s of the Y chrom osom e, as d e sc r ib e d  p rev io u s ly  by 
Zech (1969) and by Vosa (1970). Staining of bovine chromosomes 
with the qu inacrine  compounds produced a faint f lu o rescen ce  of 
the autosomes and no specific  f luo rescen ce  of the Y chrom osome, 
s im ila r  to the findings of P e a rso n  et a l . (1971) but c o n tra ry  to 
those of Hansen (1972). No in tense  f luo rescen ce  of e ith e r  the 
human Y chromosome or the bovine Y chromosome was produced 
by staining with e i th e r  ac r id in e  orange  or euch rysine  2GNX 
so lu t io n s .
The qu inacrine  compounds a re  thought to s ta in  chromosomes 
by binding to the b a se s  on the DNA but the exact mechanism of 
staining has not been de te rm ined . C a sp e rsso n  and Zech (1972) 
suggested  tha t qu inacrine  m ustard  binds to the guanine b ase  of DNA 
and that the d is ta l  ends of the long arm s of the human Y chrom o­
some might contain rep e t i t io u s  DNA sequ en ces , but th is  view was 
not supported  by Evans (1972). He pointed out that th e re  was no
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re a so n  why qu inacrine  d ihyd roch lo r ide , which gave the same 
f lu o re sc en t  spec if ic i ty  as the m ustard  d e r iv a t iv e ,  should r e a c t  
with guanine and suggested  tha t the f luo rescence  might be a 
p ro p e r ty  of the ph ysica l s ta te  of DNA r a th e r  than i ts  chemical 
composition. P e a rs o n  et a l . (1971) showed also  that the long 
a rm s of the Y chromosome of the lowland g o r i l la  (G orilla  g o r i l la ) 
f lu o re sc ed  in ten se ly  when s ta ined  with qu inacrine  compounds. 
H ow ever, for re a s o n s  as ye t undeterm ined , i t  would appear  tha t 
the bovine Y chromosome does not show a p a r t ic u la r  affinity  fo r 
the qu inacrine  compounds. It would appea r  a lso  that n e ith e r  of 
the o ther  two a c r id in e  d e r iv a tiv e s  u sed  in the p re s e n t  experim ents 
sta ined  the human Y chromosome in a s im ila r m anner to the quin­
a c r in e  dyes..
It was re p o r te d  f i r s t  by Barlow and V osa , (1970), tha t 
when human sperm, w ere  s ta ined  with quinacrine  d y e s ,  the Y -b earing  
sperm  could be identified  by the p re se n c e  of an F -body  within the 
sperm  head . They re p o r te d  t h a t , in 60% of spe rm , the F -bod y  lay  
at the boundary  betw een dense  and le s s  dense  reg ions  of chrom atin , 
while in the o th er  spe rm , the F -body  lay  with equal frequency  in 
e i th e r  the dense  o r  l e s s  dense  reg ions  of the sperm  head (see  P la te  
2 .4 ) .  On. examination of the l i t e ra tu r e  on the staining of human 
sperm  with 0.5% aqueous qu inacrine  dihydro c h lo r id e , to identify  
the F -b ody , a v e ry  wide v a r ie ty  of staining times was no ticed .
F o r  exam ple, B arlow  and Vosa (1970) sta ined human sperm  fo r  20 
m inu tes , Sumner Robinson and E vans , (1971), fo r 8 m inutes, and 
Pawlowitzki and B o ss e ,  (1971), for 5 m inutes. From th is  wide 
v a r ia t io n ,  i t  ap p ea red  tha t the staining time was not c r i t ic a l  but 
in  o rd e r  to de term ine  if th e re  was an optimal length of time of 
s ta in ing , a t r i a l  was c a r r i e d  out to inves tiga te  the re la tio n sh ip
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between length of s ta in ing  time and the num bers of Y sperm 
id en tif ie d .
As may be seen  from Table  2.1 , th e re  ap p ea red  to be no 
optimal s ta in ing  tim e, although it was concluded that when staining 
time exceeded 20 m inu tes , th e re  was a d e c re a se  in the num bers 
of Y sperm  iden tified , .po ss ib ly  because  of the in te r fe re n c e  of 
background f lu o re sc e n c e .  P e a rs o n  (1973) a lso  rep o r te d  that time 
of sta ining and concen tra tion  of the s ta in  w ere  not c r i t ic a l .  From 
Table 2.1, it may be seen  a lso  that cons is ten tly  low p e rcen tag es  
of Y sperm , (approxim ately  25%), w ere  iden tified . This may be 
attributed, p a r t ly  to lack of experience  in the iden tification  of Y- 
bear in g  sperm . H ow ever, subsequent com parison of the counts of 
Y -bearing  sperm  in five sm ears  of human semen was made with an 
exp erienced  independent o b s e rv e r  and an average  4% d ifference  
between the counts was noted ( low er counts being re p o r te d  from 
th is  lab o ra to ry ) .
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CHAPTER THREE 
THE COUNTING OF SPERMATOZOA
CHAPTER THREE
\
THE COUNTING OE SPERMATOZOA
3 .1  INTRODUCTION
One of the fac to rs  u se d  in a s se s s in g  the quality of a semen 
sample is  the sperm  concen tra tion . E stim ates of sperm  concen­
t ra t io n  a re  u su a lly  m ade, using  a haem ocytom eter, from the num bers 
of sperm  counted in a known volume of diluted semen. This method 
was u sed  for estim ating the sperm  concen tra tion  in human semen 
sam ples, but the p ro c e s s  was found to be slow , ted io u s , and liab le  
to e r r o r .  Bane (1952) re p o r te d  tha t this e r r o r  may be up to 10% 
of the t ru e  number of sperm .
It was expected tha t la rg e  num bers of bovine sperm  counts 
would be c a r r ie d  out during  th is  r e s e a r c h ,  and consequently  the 
use  of an e lec tro n ic  coun ter  was inv es tiga ted . The main advantage 
of the e lec tro n ic  counter (model EN, C oulter E le c tro n ic s  L td .) ,  
is  i ts  ab ility  to count v e ry  la rg e  p a r t ic le s  au tom atica lly , in a v e ry  
sh o r t  time. Counts a re  made by draw ing p a r t ic le s  in suspension  
through a c i r c u la r  a p e r t u r e . As each  p a r t ic le  p a s s e s  th rough , a 
volume of e lec tro ly te  p ro portiona l to the p a r t ic le  volume is  d i s ­
p laced , producing a d rop  in voltage in the c irc u i t  and genera ting  a 
count pu lse . T hus, the number of p a r t ic le s  in a known volume of 
suspension  pass ing  through the a p e r tu re  may be d e te rm in e d . The 
th resh o ld  se tting  of the coun te r  may be adjusted  so tha t p a r t ic le s
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below a chosen  size  a re  excluded from the count. The shape of 
the p a r t ic le  is  i r r e l e v a n t ,  so tha t even biological ce lls  of 
asym m etrical shape may be counted and a C oulter coun ter has 
been u sed  su c ce ss fu lly  fo r counting the sperm atozoa of r a b b i t s ,  
/Irow ler and Heilman (1965), K ihlstrdm and F je lls trd m  (1967)7, 
guinea pigs ^L aurence  and Carpuk (1963)7 j bu lls  /G lov er  and 
Phipps (1962), Iv e rs e n  (1964- and 1965), O 'Donnell (1969)7, end 
humans /S e g a l  and L au ren ce  (1962), Gordon, M oore , T horslund  
and P au lsen  (1965), B ro th e r to n  and B a rn a rd  (197427.
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3 .2  THEORY
F o r  the C oulte r  c o u n te r ,  the g en e ra l  e x p re ss io n  for 
c a l ib ra t io n  i s :
V = t X F X B - Equation (1)
w here  V = volume of the sp h e re  equivalent to the volume
of the p a r t ic le  counted, in cubic m ic ro n s .
= C a lib ra tion  fac to r  , in te rm s of volume , for 
the c o u n te r .
t = th re sh o ld  se tting
B = a ttenuation  se tting
F = sca le  expansion fa c to r ,  de term ined  from known
va lues  of D, the a p e r tu re  c u r re n t  se tting  and 
R, the a p e r tu re  re s i s ta n c e  in 1( il ohm s.
This fa c to r  may be obtained from Table 7, 
appendix of in s t ru c t io n s .
From  Equation (1)
K V
A ls o ,
V
w here  d = the d iam ete r  of the sphere  of equivalent 
volume of the p a r t ic le  counted in m ic rons .
T h e re fo re ,  the c a l ib ra t io n  co n s tan t ,  Kd, in te rm s  of d iam eter 
is  now e x p re s s e d  as :
Kd = r,  --------------  - Equation (2)
^  t X F X B"
The above Equation was u sed  for subsequent ca l ib ra t io n  of the 
c o u n te r .
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3 .3  ABSOLUTE CALIBRATION OE THE COUNTER
A Coulter counter (model EN), fitted with a SCyRm 
o rif ice  tube and se t  to count 0.1 ml suspension , was u se d .  The 
suspending medium fo r p a r t ic le s  was a f i l te red  E a g le 's  medium 
(Iso ton , C oulte r  E le c tro n ic s  L td . ) ,  and standard  fungal sp o re s  
and ca lib ra t io n  la tex  sp h e re s  (C o u lte r) ,  of known d ia m e te r , w ere  
u se d .  The la tex  sp h e re s  w ere  supplied in a s e l f -d isp e rs in g  
suspension  and one d rop  of suspens ion  was added to 100 ml Isoton, 
Fungal sp o re s  w ere  d ifficu lt to d isp e rse  evenly and a suspension  
was p re p a re d  by adding 1 - 2  mgs of these  to 100 ml Isoton, 
containing 2 d ro p s  of T rito n  X30 wetting agent. All p a r t ic le s  
chosen fo r  ca lib ra tio n  w ere  within 2% - 40% of the a p e r tu re  
d iam ete r .  All p a r t ic le  suspens ions  w ere  p re p a re d  immediately 
befo re  u s e .
The ha lf-coun t ca l ib ra t io n  method was c a r r ie d  out with 
each suspension  of p a r t i c l e s ,  a s  d e sc r ib e d  by B ro ther ton  (1969a), 
and the th resh o ld  se tting  fo r each  p a r t ic le  was de te rm ined . In 
each in s tan c e ,  the value of Kd was ca lcu la ted  from Equation (2), 
and th ese  r e s u l t s  a re  shown in Table 3.1. F rom  th ese  r e s u l t s  
the averag e  value of Kd = 3.1802.
B ro ther ton  (1969a) suggested  a more a cc u ra te  g raph ica l 
method of solving Equation (2), by p l o t t i n g a g a i n s t  ^ F  x B , 
Kd being given by the slope of the line . Using the va lues given 
in Table 3 .1 , the r e g re s s io n  coefficient (Kd) was found to be 
3.188 and th is  value was u sed  in all subsequent c a lcu la tio n s .
58
Table 3*1 The t Values and Kd Values fo r  the 
M onosized P a r t ic le  Suspensions
P a r t ic le  
D iam eter 
d ,  in um
T hresho ld  
V alue, t
A ttenuation 
S e t t in g , B
A p ertu re  
C u rren t  
F F a c to r Kd
2.03 31 .8 0 .500 0.0167 3. 158
4 .8 4 20 .0 0.707 0 .254 3. 160
4.97 22 .0 0.707 0 .2 5 4 3. 145
8 .0 6 30 .0 2 0 .254 3. 251
12 .50 3 0 .0 4 0 .503 3.187
A verage value  of Kd = 3. 1802
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3 .4  PREPARATION OF BOVINE SEMEN FOR COUNTING
All semen sam ples w ere  u sed  within eight hours  of 
co llec tion . A 1 : 10,000 dilution of semen with Isoton was made 
in two s tag es  : 0 .2  ml semen^ m easu red  with an opsonic p ipe tte ,
was added to 20 ml Isoton and mixed w ell, then 0 .2  ml of th is  
suspens ion  was added to a fu r th e r  20 ml Isoton. Two d rop s  of 
Zapoglobin (C oulte r)  w ere  added to th is  final d ilu tion , to lyse  
seminal d e b r i s ,  and the  suspens ion  was mixed well and allowed 
to stand fo r th re e  m inutes be fo re  counting .
3 .5  SIZE DISTRIBUTION OF BOVINE SPERMATOZOA
By c a r ry in g  out a su c c e ss io n  of coun ts , on equal volumes 
of susp en s ion , at d iffe ren t  th re sh o ld  s e t t in g s , a cumulative s ize  
d is tr ib u tio n  curve  was obtained fo r the semen sam ple. F i g . 3*1 
shows a typical s ize  d is tr ib u t io n  curve  and it may be noted tha t:
1. The s ize  d is tr ib u tio n  is  w ider than would be expected
from m ic roscop ic  examination ,
2. The cu rve  is  skewed.
3* T h ere  is  a small peak immediately befo re  the l a r g e s t
peak on the g r a p h .
Size d is tr ib u t io n  c u rv es  w ere  plotted for sperm  from 16 
e ja c u la te s ,  from four b u l ls .  All the cu rves  co rre sp o n d ed  to the 
gen e ra l  p a t te rn  d e sc r ib e d  by G lover and Phipps (1962) and by 
O'Donnell (1969). O 'Donnell (1969) has claimed tha t the sm alle r  
f i r s t  peak of the s ize  d is tr ib u tio n  curve  (see  F ig . 3*1) r e p r e s e n ts  
f re e  cytoplasm ic d ro p le ts  p re s e n t  in the suspension  and argued  that 
a se tting  for minimal s ize  of sperm  should be taken beyond th is  
point .
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F ig . 3.1 A typ ica l s ize  d is tr ib u tio n  curve  for bovine 
sperm obtained by using  a C oulter coun te r .
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Following O ’D onnell 's  th e o ry ,  from, the s ize  d is tr ib u tio n  
c u rv e s  of 4- b u l ls ,  a th re sh o ld  se tting  of 24, with va lues  of 
B = .707 and F = 0 .0 3 2 7 , w as chosen for subsequent coun ts .
Using th ese  se ttings  sperm  counts w ere  c a r r ie d  out on 19 e ja cu la te s  
and com pared with co rrespon d in g  re s u l ts  from, haem ocytom eter 
coun ts , (Table  3 .2 ) .  The c o r re la t io n  coefficient was ca lcu la ted  
and found to be 0 .9 7 .  F i g . 3 .2  shows the re la t io n sh ip  between 
e le c tro n ic  counts and haem ocytom eter counts for th ese  e ja c u la te s .
From  the s ize  d is tr ib u t io n  c u rv e s ,  minimum, modal and 
maximum th resh o ld  v a lu es  w ere  obtained and using  Equation (2), 
the minimal, modal and maximal d iam ete rs  of bovine sperm  w ere  
c a lcu la ted . The r e s u l t s  from eight e jacu la te s  a re  shown in Table
3 . 3 .
From  these  r e s u l t s  the averag e  d iam ete r  range  fo r  bovine 
sperm  was found to be 2 .6  ~ 3*3y^, with an av e rag e  modal va lue  of
2 .73  Jd,,
3 .6  ARBITRARY SETTINGS FOR THE ELECTRONIC COUNTER
F o r  com parison , an em pirica l approach  to obtaining se ttings 
fo r  bovine counts was m ade. F o r  one e jacu la te ,  duplicate  haem o­
cy tom eter counts w ere  c a r r ie d  out and the average  value ca lcu la ted . 
Then the se ttings of the e lec tro n ic  coun ter w ere  ad justed  until the 
count approxim ated to tha t obtained using  the haem ocytom eter, and 
th ese  se ttings  w ere  no ted .
U sing the se tting s  t = 32, B  ^ .500 and F = 0.0167, a 
to ta l of twenty-two e ja cu la te s  w ere  counted (Table  3*2). F i g . 3 .3  
shows the re la t io n sh ip  between e lec tro n ic  counts and haem ocytom eter
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T able 3 .2  R esu lts  o f H aem ocytom eter Counts and 
E le c tr o n ic  C ounts on B ov in e E ja cu la tes
BULL
Haemocytometer 
Count (x 10 /ml) 
Average of 
two Counts
Settings :
Coulter Count g _ 0.707 
(x 10 /ml) D = 16 
Average of (F = 0.0327) 
four Counts t = 24
Settings: 
Coulter Count g  = 0 .500
(x 10°/ml) D = 8 
Average of (F  = 0.0167) 
four Counts t = 32
Number 1 1,318.75 1,320.9 1,313.6
1 1,208.75 1,106.5 1,236.8
I 653. 1 609.8 677.9
1 875.63 874*57 933.9
1 717.5 692.6 778.5
1 1,525.0 1,365.9 -
1 1,218.75 - 1,280.35
" 1 1,927.5 - 1, 98 8 . 15
1 886.88 - 1,037.05
2 2,173. 13 2,054. 1 2 ,6 1 0 .4
" 3 653.75 634.0 682.2
" 4 813.75 882.9 -
" 5 1,980.0 1,772.0 -
" 6 866.25 847.1 -
" 6 891.25 - 1 ,258.0
" 6 1,055.0 - 1,142.0
" 7 1,290.0 - 1,385.56
" 7 416.88 - 477.05
" 8 1,207 .5 1,200.2 1,188.7
" 8 857.5 851.4 868.65
-1 9 1,835.0 1,658.4 1,688.8
" 10 1 ,785.0 1, 182.7 1 ,639.8
" 11 2,683. 13 2 ,4 0 5 .2 2 ,5 2 5 .6
" 12 1,451.7 1,381.3 1,426.7
" 13 1,589.38 1 ,469 .4 1,552. 15
" 13 745.0 643.4 702.57
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F i g . 3*2 The re la t io n sh ip  between haem ocytom eter and
e lec tro n ic  counts of bovine sperm when t = 24.
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Table 3*3 The D iam eter Range of Bovine Sperm , 
obtained from Size D istribu tion  C urves
Bull E jacu la te
Minimum
Diam eter
um
Modal
Diam eter
um
Maximum
Diam eter
um
Number 1 1 2 .6 2 2 .7 6 3 .2 5
2 2 .50 2 .6 2 3 .50
Number 2 1 2 .6 2 2 .7 6 3. n
2 2. 62 2 .80 3 .6 0
Number 5 1 2 .69 2 .7 6 3 .21
2 2 .55 2 .76 3 .25
Number 6 1 2 .6 2 2.69 3. 16
2 2 .6 2 2 .7 6 3 .1 6
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counts fo r these  e ja c u la te s .  The c o rre la t io n  coefficient was 
ca lcu la ted  and found to be O.9 6 .
3 .7  THE E F F E C T  OF THE ADDITION OF ZAPOGLOBIN 
TO THE FINAL SPERM  SUSPENSION
The size d is tr ib u tio n  curve  obtained for one e jacu la te ,  
a f te r  the addition of Zapoglobin to the final sperm suspens ion , was 
compared to the size  d is tr ibu tion  curve  obtained for the same 
e jacu la te  when Zapoglobin was omitted from the final d ilu tion . 
T hese  c u rv es  a re  shown in F i g . 3*Z, w here  i t  may be noted that 
when Zapoglobin was not added to the final sperm suspens ion , the 
s ize  d is tr ibu tion  curve  obtained was more i r r e g u l a r ,  with a g re a te r  
number of small p a r t ic le s  p re s e n t .
Counts w ere  c a r r i e d  out on these  two sperm  suspens ions  
and these  r e s u l t s  a re  shown in Table 3.4-, w here  it  may be seen 
that the count obtained when Zapoglobin was added to the final 
sperm suspension  was within 5% of the haem ocytom eter count.
Sm ears  w ere  p re p a re d  from these  two sperm  suspensions 
and w ere  s ta ined  with n ig r o s in /e o s in , accord ing  to the method of 
Campbell, Hancock and R othsch ild , (1953).
The sm ears  w ere  examined under oil imm ersion at 
X 1,000 m agnification. Sperm from both sm ears  w ere  found to 
be m arkedly  eosinoph ilic , with head and ta il  a ttached and s t ru c tu re  
apparen tly  no rm al, but l e s s  c e l lu la r  d e b ris  was p re se n t  in the 
sm ear w here  Zapoglobin had been added.
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F ig .  3*3 The re la t io n sh ip  between haem ocytom eter and 
e lec tro n ic  counts of bovine sperm when t = 3 2 .
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F i g . 3*4 Size d is tr ib u t io n  c u rv e s  for bovine sperm , 
with and without added Zapoglobin.
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Table 3*4 Com parison of Sperm Counts obtained
with and without added Zapoglobin
Haemocytometer Count 
( X 10^ /ml )
E lec tron ic  Count 
( X 10^ /ml )
733 .8
(a) with added Zapoglobin
7 6 2 . 1
(b) without added Zapoglobin
882.1
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3 .8  DISCUSSION
M odifications of the haem ocytom etric methods of counting 
blood c e l ls  have long been u se d  to determ ine d i re c t ly  the sperm  
concen tra tion  in semen sam ples , but the p ro ced u re  is  labo rious  and 
time - consum ing. The e jacu la te  must be diluted befo re  counting, 
and in a c c u ra c y  in the p ipetting and mixing of the sample and in 
filling  of the counting cham ber may give r i s e  to e r r o r .  T h e re fo re ,  
in d ire c t  methods of estim ating  sperm  concen tra tion  have been 
developed in an attempt to p roduce  rep ea tab le  r e s u l t s  rap id ly .
The p r inc ip le  of the C oulter coun te r ,  i . e .  d isplacem ent 
of a volume of e le c tro ly te  equal to the volume of the p a r t i c le ,  en ­
ab les  counts to be made i r r e s p e c t iv e  of the shape of the p a r t ic le .  
Once a th re sh o ld  se tting  has  been  chosen , all p a r t ic le s  (both 
re lev an t  and i r r e le v a n t) ,  above a c e r ta in  size  a re  included in the 
count. When estim ating the sperm concen tra tion  in a semen sam ple, 
the " re lev an t p a r t ic le s "  a re  the in tac t sperm atozoa , while detached 
sperm  h e ad s ,  ta i l  - m idp ieces , cytoplasmic d ro p le ts  and ep ithelia l  
d e b r is  should be excluded . O 'Donnell (1969) h as  shown that cy to ­
plasm ic d ro p le ts  , de tached  heads and ta il  - m idpieces can g en e ra te  
count p u ls e s ,  and the modal d iam ete rs  obtained for these  s t ru c tu re s  
w ere  2 ,7 5 J i m ,  2 . 9 J i m  and 2 .3 9 J i m  r e sp e c t iv e ly ,  compared to 
the modal d iam eter rang e  fo r  in tac t sperm  of 3-3  - 3*6J i m ,  T hus, 
if the th resh o ld  se tting  for a sperm  count is  not chosen  ca re fu lly  
from s ize  d is tr ib u tio n  c u rv e s  to exclude c e l lu la r  d e b r i s ,  fa lse  
counts may a r i s e .  In addition , ep ithelia l d e b ris  p re s e n t  in  the 
suspens ion  may cause  blockage of the orif ice  of the cou n te r .  T h e r e ­
fo re ,  some means of removing th is  d e b ris  is  d e s i r a b le ,  so tha t the 
rem aining in tac t  sperm  can be counted a c c u ra te ly .
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From size  d is tr ib u t io n  c u rv es  obtained in th is  w o rk , a 
modal d iam ete r  of 2. 5yAm was ca lcu la ted  for cytoplasm ic d ro p le ts  
and the minimum th re sh o ld  se tting  chosen for bovine sperm counts 
was 2 .6 2 jU m .  T h is  se tting  was chosen to exclude f ree  cytoplasm ic 
d ro p le ts  from the p a r t ic le  count and, from the ca lcu la tions  of 
O'Donnell (1969), would seem to exclude a lso  the sm a lle r  de tached 
ta i l  - m id p ie ce s , although detached sperm heads might be included 
in the count. Zapoglobin (a blend of lytic agents and cyanide) was 
added to the sperm  suspens ion  sh o r t ly  before  counting commenced 
to lyse  seminal d e b r i s .  The s ize  d is tr ibu tion  curve  plotted for one 
e jacu la te  a f te r  the addition of Zapoglobin to the final sperm  s u s ­
pension has been com pared to the s ize  d is tr ib u tio n  curve  for the 
same e jacu la te  when Zapoglobin was not added (see  F ig . 3*4-).
From  F ig . 3 .4 ,  i t  may be seen  that the addition of Zapoglobin 
reduced  the num ber of small p a r t ic le s  p re se n t  and produced a more 
r e g u la r  s ize  d is tr ib u t io n  c u rv e .  The sperm count obtained a f te r  
the addition of Zapoglobin was low er than when Zapoglobin was not 
added and was within 5% of the haem ocytom eter count. M icroscop ic  
examination of the bovine sperm  suspens ion , a f te r  the addition of 
Zapoglobin, showed tha t the sperm  ta i ls  appeared  to be in tac t  and 
w ere  s t i l l  a ttached  to the sperm  h e ad s ,  but background d ro p le ts  and 
d e b r is  w ere  rem oved. T his finding was s im ila r to that of B ro th e r to n  
and B a rn a rd  (1974), who found that the addition of Zaponin (a lso  a 
lytic  agent) to a suspension  of human sperm , one minute befo re  the 
s t a r t  of the coun ting , gave b e t te r  r e s u l ts  than if an u n trea te d  
suspension  was u se d .  The length of time of contact between Z apo­
globin and the sperm  suspens ion  may be im portant; prolonged 
contact between the lytic  agent and the sperm  might r e s u l t  in 
unwanted ly s is  of the m ore r e s i s ta n t  sperm  c e l ls .  R ichardson  (1975)
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has obtained r e s u l t s  to show that a human sperm  count may fall by 
10 -15%, one hour a f te r  the addition of Zapoglobin to the sperm  
suspens ion . In th is  w ork , Zapoglobin was allowed to mix with 
the sperm  suspension  fo r th re e  minutes befo re  counting commenced, 
in the hope that in th is  sh o r t  p e r io d ,  only ep ithe lia l  d e b r is  would 
be ly sed . Both the h is to log ica l evidence and the c lose  c o rre la t io n  
obtained betw een haem ocytom eter counts and e lec tro n ic  counts 
would seem to suggest tha t sperm atozoa  rem ained in tact a f te r  the 
addition of the ly tic  agent.
The s ize  d is tr ib u tio n  c u rv e s  obtained for bovine sperm  
v a r ie d  co n s id erab ly  in shape between individual bulls and between 
e ja c u la te s ,  but th e re  was no evidence of a bimodal s ize  d is tr ib u tio n  
which might be a ttr ib u ted  to X and Y chromosome dimorphism 
(see  F ig s .  3*1 and 3 .4 ) .  Even though the shape of the curve  
v a r ie d  between indiv iduals and e ja c u la te s ,  th e re  was re la t iv e ly  
l it t le  v a r ia t io n  in the d iam ete r  of p a r t ic le s  at the modes of the 
c u rv e s  (see  Table  3*3). From  the é i z e  d is tr ib u tio n  c u rv e s  of 
e ight e ja c u la te s ,  the av erage  range  in d iam eter of bovine sperm 
was found to be 2 . 6 -  3 . 3 y/m with an average  modal d iam eter  of 
2 .7 3 J J m . T hese  va lu es  w e re  sm aller  than the value  of 4 . 0 yftn, 
ca lcu la ted  by G lover and Phipps (1962) to be the d iam eter of the 
sph ere  equivalent in volume to a bovine sperm , as  well as being 
s ligh tly  sm aller  than the actual va lues  m easured  by them (modal 
d iam eter of 3*2 JJm ') and by O'Donnell (1969) who found the d iam eter 
range  to be 3 -3  “ 3*6 J i m ,  H ow ever, the va lues  a re  g re a te r  than 
the dim neter of 2.l8y//m obtained by Iv e rsen  (1964). B ro th er ton  
(1969b) has re p o r te d  tha t r e s u l t s  of pai'tic le  size de te rm inations 
using  C oulter co un te rs  have tended to d iffer from those  obtained by 
o th er  s tandard  m ethods. She suggested , from h e r  work on the s ize
6 8
d is tr ib u tio n  of e r y th r o c y te s , that d ifferen t a p e r tu re  c u r re n ts  and 
lev e ls  of am plification might cause  swelling o r  shrinkage  of 
b iological c e l ls .  T h is  may explain  why the s iz e s  of bovine sperm  
obtained in th is  w ork  d iffe r  from those  obtained by o ther  a u th o rs ,  
u s ing  a v a r ie ty  of makes and models of coun te r .  It may mean that 
an e lec tro n ic  coun ter  is  of more value for the de term ination  of size 
of in e r t  p a r t i c l e s ,  r a th e r  than biological c e l ls ,  but i t  should not 
p rec lu d e  the u se  of an e le c tro n ic  counter w henever rap id  counting 
of c e l ls  is  r e q u ire d .
From  the r e s u l t s  of sperm  counts c a r r ie d  out in  these  
experim en ts ,  i t  may be seen  tha t th e re  is  good c o rre la t io n  between 
the haem ocytom eter counts and the e lec tro n ic  c o u n ts , for both 
se ttings  u se d .  When the se ttings  w ere  determ ined from the s ize  
d is tr ib u tio n  c u rv e s ,  the limiting d iam eter  of p a r t ic le s  being counted 
was c a lcu la ted , from Equation (2), as  2 ,62y^m. S im ila rly , the 
limiting d iam ete r  of p a r t ic le s  counted using  the a r b i t r a r y  se ttings  
was ca lcu la ted  to be 2 .0 5 J i m .  The r e s u l ts  show tha t the c o r re la t io n  
between haem ocytom eter counts and e lec tro n ic  counts using  the 
se ttings  d e rived  from the s ize  d is tr ib u tio n  cu rv es  is  slightly  b e t te r  
than  tha t between haem ocytom eter counts and em pirica lly  de rived  
se t t in g s .  From  p rev ious  d isc u ss io n ,  it can be pointed out that a 
th re sh o ld  se tting  of 2 .0 5 yf/m is  suffic ien tly  low to allow the in ­
clusion  of cytoplasm ic d ro p le ts  and p robab ly  detached sperm ta i l  - 
m idpieces in the count, explaining why h igher counts w ere  obtained 
fo r e jacu la te s  using  th is  se t t in g . As Iv e rsen  (1964) has s ta ted , 
the a cc u ra c y  of any in d ire c t  method of counting sperm  depends on 
the a cc u ra c y  of the method u se d  for c a l ib ra t io n . Although accep tab le  
sperm  counts might be ob tained , using  the e m p ir ica lly -d e r iv ed  
se ttings  , the a lre a d y  la rg e  e r r o r  of the haem ocytom eter count may
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be magnified fu r th e r  in the t r a n s f e r  to the e lec tro n ic  coun te r . 
T h e re fo re ,  i t  would seem tha t absolute  ca lib ra tion  of the coun te r , 
using  p a r t ic le s  of known s i z e , is  the method of cho ice .
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CHAPTER FOUR
SPERM SEPARATIONS USING 
BOVINE SERUM ALBUMIN
4 .1  INTRODUCTION
Human Y-b ea r in g  sperm  have been shown to p o sse s s  
approxim ately  3% lo ss  DNA than X sperm (Sum ner, Robinson 
and E vans , 1971)- It was suggested  by R oberts  (1972) th a t ,  
because  of th e ir  low er DNA conten t, Y sperm may have a sm aller 
head volume than X sperm  and would be expected to show su p e r io r  
swimming ab ility  a s  a function of t im e , enabling them to p en e tra te  
fu r th e r  into a medium than X sperm . E r ic s s o n ,  Langevin and 
Nishino (1973) have dem onstra ted  th a t ,  when human sperm w ere 
applied to columns of albumin, p ro g re s s iv e ly  motile sperm moved 
into the albumin medium, while immotile o r  m orphologically  ab ­
norm al sperm w ere  excluded . T hese  a u th o rs ,  us ing  the qu inacrine  
sta in ing technique to identify  Y -bearing  sperm , showed a lso  that 
the m ajo rity  of th ese  p ro g re s s iv e ly  motile sperm  w ere  Y -bearing . 
T h is  was the f i r s t  re p o r te d  sep a ra t io n  of human X and Y sperm 
w here  the new ly-developed f lu o rescen t staining technique had been 
u sed  as m onitor and, because  of i ts  potentially  g re a t  im portance , 
was fe lt  w orthy of fu r th e r  in ves tiga tion . If su c ce ss fu l ,  it  was 
hoped that the technique might be applied to bovine sperm .
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4 .2  M ATERIALS AND METHODS
4 .2 .1  Diluent fo r Human Sperm
T y ro d e 's  so lu tion , of pH 7 .4  - 7 . 6 w as p r e p a r e d . AH 
chem icals u se d  in  i ts  p re p a ra t io n  w ere  of the A nalar g ra d e ,  (BDH 
Chemicals L td . ,  P o o le ,  D o rse t) .  The osm olarity  of the solution 
was m easu red  on a Knauer sem i-m icro  osm om eter (Shandon 
Scientific  Co. L td . ,  W illesden , London).
4 . 2 . 2  P re p a ra t io n  of Human Semen
The e jacu la te  was dilu ted  1 :1 ,  (v /v ) ,  with T y ro d e 's  
solution and cen tr ifuged  at 2 0 °C for 15 minutes at 2 ,500  g . The 
supe rna tan t  was rem oved and the cell pe lle t  r e  suspended in 
T y ro d e 's  solution to give a final sperm  d ensity  of approxim ately  
100 X 10^ / m l .
4 . 2 .3  P re p a ra t io n  of Albumin Columns
6%, 10%, 15% and 20% (w /v) solutions of bovine serum  
albumin (f rac tio n  V, BDH Chemicals L td .)  w ere  p re p a re d  in T y ro d e 's  
solution and the osm o la r i ty  of each  solution m ea su re d .  The g la ss  
columns each co n s is ted  of a P a s te u r  p ipe tte ,  in te rn a l  d iam eter 
5 - 7  mm, broken  off imm ediately below the point of tap e r in g .  To 
th is  b roken end was a ttached  a 3O aim length of soft polythene tubing, 
c losed  by a c lip .
4 . 2 .4  R ecov ery  of Sperm from Albumin F ra c t io n s
All r e c o v e re d  albumin frac t io n s  w ere  d iluted 1 : 1 with 
T y ro d e 's  solution and cen trifuged  at 20°C for 20 m inutes at 2 ,500  g.
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The sup erna tan t was rem oved, the cell deposit resu sp en d ed  in 
T y ro d e 's  solution and cen tr ifuged  again , • M o s t of the superna tan t  
was d is c a rd e d ,  leav ing  only a few drops  to mix the sperm  to a 
milky su spens ion . Sm ears  w ere  made by dropping the suspension  
on to c lean , wet s l id e s ,  which w ere  d r ied  rap id ly  and fixed for 
30 m inutes in m ethanol.
4 . 2 .5  Experim ental C on tro ls
P r i o r  to app lica tion  to the column, sm ears  w ere  p re p a re d  
from sperm , which had been w ashed and re su sp e n d ed  in T y ro d e 's  
so lu tion . The sm ears  w ere  d r ied  and fixed as  above.
4 . 2 .6  Staining of Sperm
All sm ears  w ere  s ta ined  in 0.5% (w /v) aqueous qu inacrine  
d ihydroch lo ride  so lu tion , fo r  8 m inutes , followed by a b r ie f  r in s e  
in running tap  w a te r  and a b r ie f  r in s e  in d is t i l led  w a te r .  A fter 
rap id  dry ing  on a hot p la te ,  the sm ears  w ere  mounted in d is t i l led  
w a te r  and the co ver  s l ip s  sea led  with ru b b e r  solution.
The sm ears  w ere  coded and examined "blind" immediately 
a f te r  mounting, u n d e r  the m ic ro scop ic  conditions d e sc r ib e d  b e fo re . 
Around 200 sperm  w ere  counted on each slide  and the p ropo rtio n  of 
th ese  having a f lu o re sc en t  body within the sperm  head was noted .
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4 .3  R E SU L T S
4 . 3.1 O sm olarity  of Solutions
The o sm o la r i t ie s  of T y ro d e 's  solution and the bovine 
serum  albumin so lutions w ere  m easu red  by the d e p re ss io n  of 
freez ing  point p roduced . The r e s u l ts  a re  shown on Table 4 .1 , 
w here  i t  may be seen  tha t with in c re a s in g  concen tra tion  of albumin, 
the osm olarity  of the solution r o s e .  M easurem ent of the osm olarity  
of human semen gave an averag e  value of 320 mOsmols.
4 . 3 .2  S epara tion  P ro c e d u re s
The albumin colums used  fo r the separa tion  experim ents 
a re  shown in F ig . 4 .1 . T h ree  sep ara tion s  p ro c e d u re s  w ere  u se d :
(a) Single L ayer
(b) Two L ayer
(c) T h ree  L ayer
(a) Single L ay er  Technique
0 .9  ml 6% BSA solution was m easured  into the g lass  column. 
0 .5  ml sperm suspension  was applied care fu lly  to the top of the 
albumin so lu tion , using  a P a s te u r  pipette., and left fo r one hour at 
room te m p e ra tu re . A fter th is  tim e, the top sperm la y e r  was removed 
with a p ipette  and the albumin frac tion  (iso la tion  frac tion)  was r e ­
covered  by opening the clip at the base  of the column. The sperm  
w ere  re c o v e re d  from the albumin frac tion  by c en tr ifu g a tio n  and fixed 
and stained with qu inacrine  d ih y d ro ch lo r id e , as  d e sc r ib ed  b e fo re .
Five single la y e r  sep a ra t io n  experim ents w ere  c a r r ie d  out, 
using  a d iffe ren t e jacu la te  for each experim ent. The r e s u l ts  of 
th ese  experim ents a re  shown in Table 4 .2 ,  w here  the p e rcen tage
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T able  4-* 1 O sm olarity  of T y ro d e 's  Solution and 
Bovine Serum Albumin Solutions
Solution
O sm olarity
(mOsmols)
Tyrode ' s Solution 300
6% BSA Solution 320
10% B SA Solution 330
15% B SA Solution 335
20% B SA Solution 340
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F ig .  4.1 The single l a y e r ,  two la y e r  and th re e  lay e r  
columns of Bovine Serum Albumin so lu tions .
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of Y -bearin g  sperm  re c o v e re d  from the albumin la y e r  is  com pared 
with the p e rcen tag e  of Y -bear ing  sperm in the c o n tro l .  T here  was 
no significant d iffe rence  (p = ^ 0 . 0 5 )  between the sperm  re c o v e re d  
from the albumin la y e r  and the sperm  in the c o n tro l .
(b) Two L ay er  Technique
0 . 4  uil 15% BSA solution was p laced  in the g lass  column 
and o verla id  with 0 .8  ml 6% BSA solution. 0 .5  ml sperm s u s ­
pension  was applied , a s  b e fo re ,  and the column was left for one 
h o u r .  T hen , the top sperm  la y e r  was removed with a p ipette  and 
the column was allowed to stand fo r a fu r th e r  3O m inutes. A fter 
th is  time, the albumin la y e r s  w ere  h a rv e s te d  s e p a ra te ly ,  by w ith­
draw ing them slowly from the base  of the column. The sperm w ere  
re c o v e re d  from the albumin f rac t io n s  by cen trifuga tion  and fixed 
and s ta ined  with qu inacrine  d ihydroch lo ride  as  b e fo re .
Nine experim ents  w ere  c a r r i e d  out on s e p a ra te  e ja c u la te s ,  
us ing  the two la y e r  technique and the r e s u l ts  of f lu o re sc en t  staining 
of the sperm  re c o v e re d  from the two albumin la y e r s  a re  com pared 
with con tro ls  in T able  4 .3 -
The r e s u l t s  of experim ents  6, 7 and 9 , lu Table 4 .3?  show 
an in c re a s e  in the p e rcen tag e  of Y -bearing  sperm  re c o v e re d  from 
the albumin l a y e r s ,  com pared to the c o n tro ls .  H ow ever, these  
in c re a s e s  w ere  not s ign if ican t ,  (p = Z 0 .0 5 ) .  The r e s t  of the 
r e s u l t s  in Table 4 .3  show a d e c re a se d  percen tag e  of Y -bearing  
sperm  re c o v e re d  from the albumin la y e r s ,  com pared to the c o n tro ls ,  
but only the r e s u l t  from the 15% BSA la y e r  in experim ent 13 and 
the r e s u l t s  from experim ent 14- w ere  s ignificant (p = ^^0 .05 ) .
(c) T h ree  L ay e r  Technique
The column was p re p a re d  by la y e r in g ,  su c ce ss iv e ly .
76
(U
&
I
u01
H
ao
%u(dPudJ<J)
<<T)
PQ
k
B
r4
tiO
■r-l
CO
<u
■s
o
gcu
(N
dJ
H
01
° ' % ( J
L W>-^ 0)^
II01 pi
Xj
CN
CO
in r-'
xf- CO COC") CO CN (N
cnch COo
(N
CO O
CO
O
CO
COI—I xf
LD
CO CN CN CO Xt‘
(N d CO d CO
CO Nj- CO CO CN
CO
O
COCNj (N CO
vj-
CO
CN CO CO CO O
IN O  O  CO (N
CO CO CO CO CO
<N CO LO
77
(U
g .
IuOJ
H
P
0
-M
cdu
(dP4(Uen
<en
PQ
u
B
n
1
o
H
O
g
(U
CO
d
0)
H
>-■ a» ^
o  en o
o p nj
^  o £!A 0 «W g
H
k M
Y" (U ^
îij
o t+-<
(U ^
o O-M
II
(U pi
w
CO CO en 0 - CO en CO Nj-
1—1 CO o CN CO CO en en CN
s i ' CO CO Ni- CO CO CO CN CN
CO COen LOCO inCO CNr - enC£> S
CON<r mLO enen 8
CN
â •str—H
CN
CO00 CO5
CNen CN CO CO oen oen
CN
o
8
CO
8 8
COf—4
<N
CN
CN
COen
oen
CN
O in r—^ CN CO CO CO CO
CO Cû o 0 ^ CO 00 CO O
Nj- CO CO Nl- CN CO CO CN CO
o
CO CO CO
CN CN CO
r-H CO CO
en
cô
CO
CO en
CN
CD
CO %
CO CO
% 'd
Cû CO r—4 CO CO CO CO oNT N} in r-N CO CO en o
CN
en
CN
CO CO q o CO '<) COCN CN CN O1—1 Ni CN CN CN CO en CO
CO 00 CO CN CO ' d
78
0 .3  ml volumes of 20%, 15% and e ith e r  10% o r  6% BSA solutions 
within the p ip e t te . 0 .5  ml sperm  suspension  was applied to the
column, as b e fo re ,  and the column was left to stand for one ho u r .  
Then, the top sperm  lay e r  was removed and the column left for a 
fu r th e r  one h o u r .  A fter th is  tim e, the th ree  albumin la y e r s  w ere  
w ithdrawn se p a ra te ly  from the base  of the column. Sperm w ere  
re c o v e re d  from the albumin la y e r s  by centrifugation  and fixed and 
stained as d e sc r ib e d  b e fo re .
Five experim ents w ere  c a r r ie d  out, on se p a ra te  e ja c u la te s ,  
using  the th re e  la y e r  sep ara tion  technique. The r e s u l ts  of f lu o r ­
e scen t staining of sperm  re c o v e re d  from the albumin la y e r s  a re  
shown in  Table 4 -4 .
T h ere  was no significant in c re a s e  in the num bers of Y 
sperm re c o v e re d  from the more concen tra ted  albumin la y e r s  in 
experim ent 15. How ever, the d e c re a se d  num bers of Y sperm 
re c o v e re d  from the 15% BSA la y e r s  in experim ents  l6 and 19 
and from the 10% BSA la y e r  in experim ent 18 w ere  significant
(p = -40.05).
B ecause  of the low num bers of Y sperm apparen tly  
re c o v e re d  in these  sep a ra t io n  experim en ts , it  was con s idered  that 
p e rh ap s  the p re se n c e  of albumin o r  the length of time of staining 
may have produced an effect on the num bers of sperm  showing the 
p re se n c e  of an F body. To investiga te  th is  p o ss ib i l i ty ,  washed 
sperm  w ere  resu sp en d ed  in e i th e r  T y ro d e 's  so lu tion , 6% BSA 
solution, 15% BSA solution o r  20% BSA solution and sm ears  w ere  
made of these  p re p a ra t io n s ,  a s  b e fo re .  The sm ears  w ere  sta ined 
with quinacrine  d ihydroch lo ride  fo r 2, 4 , 6 o r  8 m inutes and 
examined in u l t r a -v io le t  l ight.
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Approxim ately 700 sperm w ere counted in each sm ear and 
the number of Y -bearing  sperm  identified was noted . The r e s u l ts  
of th is  investigation  a re  shown in F ig , 4 .2 ,  from which it  would 
appear  tha t 4 m inutes sta ining was optimal fo r the iden tification  of 
Y -bearing  sperm . When a sta in ing time of eight minutes was u se d ,  
the p e rcen tage  of Y -bearing  sperm  sco red  was reduced  for a ll 
p r e p a ra t io n s .  It a p p ea rs  that the p re sen c e  of albumin in the sm ears  
reduced  slightly  the num bers of Y sperm iden tified , except in the 
case  of a 20% solu tion , w h e re , with staining tim es of two and eight 
m inutes , th e re  w as a significant d e c re a se  in the num bers of Y 
sperm  iden tified , (p =<’0 .0 5 ) .
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F ig .  4-. 2 The qu inacrine  staining of human sperm , 
when r e  suspended in a v a r ie ty  of m edia.
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4 .4  DISCUSSION
R oberts  (1972) suggested  that human Y sperm , because  
of th e ir  probable  sm aller  m ass compared to X sperm , might tend 
to swim u p w a rd s ,  in a medium of low v isc o s i ty ,  in g re a te r  num bers 
than X sperm . E r ic s s o n  et a l . (1973) have adapted th is  id ea ,  by 
c rea t in g  a medium with b a r r i e r s  of in c reas in g  v isc o s i ty  and have 
dem onstra ted  tha t sperm  showing p ro g re s s iv e  m otility  can surmount 
these  b a r r i e r s ,  leaving immotile o r  weakly motile sperm behind. 
Using the qu inacrine  stain ing techn ique , they showed also  that the 
m ajo rity  of these  p ro g re s s iv e ly  motile sperm w ere  Y -bearing .
The sep a ra tio n  medium used  in the experim ents was bovine 
serum albumin, in T y ro d e 's  so lu tion , in concen tra tions  of 6 - 20%, 
compared to con cen tra tions  of 6 - 25% u sed  by E r ic s s o n  et a l . (1973). 
The low er maximum concen tra tion  of BSA was u sed  because  the 
high v isc o s i ty  of the m ore concen tra ted  BSA solutions led to some 
difficulty  in th e i r  p re p a ra t io n .  The osm olarity  of all solutions was 
determ ined by the d e p re ss io n  of f reez ing  point produced and, from 
Table 4 .1 , it  may be seen  th a t ,  with in c re as in g  albumin concen­
t ra t io n ,  the o sm olarity  r o s e ,  to rea ch  340 mOsmols for the 20% 
BSA solution. T h is  value is  h igher  than both the m easured  
osm olarity  of human semen and the value of 301 mOsmols given by 
Mann (1964) for human semen. How ever, Mann (1964) h as  s ta ted  
a lso  th a t ,  in g e n e ra l ,  sperm  may be immobilized more re a d i ly  by 
h3q>otonic r a th e r  than by hyperton ic  d i luen ts . P re l im in a ry  
obse rva tio ns  on the behaviour of human sperm in BSA solutions 
showed that the percen tage  of sperm exhibiting p ro g re s s iv e  m otility  
was reduced  in the 15% and 20% so lu tions , although in the 6% 
albumin solution, p ro g re s s iv e  m otility  was m aintained to a g r e a te r
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ex ten t. T h is reduction  in m otility  may have been a m anifesta tion 
of the in c re a s e d  o sm olarity .
E r ic s s o n  e t a l . (1973) suggested that the b a s is  of 
sep a ra tio n  was p ro g re s s iv e  m otility  of the sperm . In the 
experim ents d e sc r ib e d  h e r e ,  the sperm w ere  washed once with 
T y ro d e 's  solution, fo r 15 minutes at 2 ,500  g before  application  
to the albumin column. Examination of the sperm , a f te r  washing 
and rem oval of the seminal p lasm a, revea led  that th e re  was a 
d e c re a s e  in the number of sperm  showing p ro g re s s iv e  m otility .
A lso , difficulty  was exp erienced  in  p rep a r in g  a homogeneous 
re su sp e n s io n  of sperm  in T y ro d e 's  solution a f te r  washing, as the 
sperm tended to ag g reg a te .  Some of these  aggregations of sperm  
w ere  so la rg e  th a t  they  could be seen to fall th rough the albumin 
columns u n der  g rav i ty .  F u r th e r  evidence was obtained by R o ss ,  
Robinson and Evans (1975) who confirmed that sperm  m otility was 
reduced  a f te r  washing and cen trifuga tion . No value fpr cen trifuga l 
fo rce  was given by E r ic s s o n  et a l . (1973) but Ross et a l . (1975) 
showed that 800 g was the maximum centrifugal fo rce  that could be 
u sed  without ad v e rse  effect on the m otility  of sperm in T y ro d e 's  
solution. Undoubtedly from the foregoing evidence , the cen trifuga l 
fo rce  of 2 ,500 g u sed  in th ese  experim ents must have produced an 
ad v erse  effect on sperm  m otility , but some sperm  showing p ro g re s s iv e  
m otility  w ere  p re s e n t  a f te r  r e  su sp en s io n . T his la rg e  cen trifugal 
fo rce  may have con tribu ted  a lso  to the formation of sperm  a g g re g a te s ,  
although Krzanow ski (1970) has rep o r te d  tha t motile sperm tend to 
aggrega te  at room tem p era tu re  when allowed to sediment through 
t r a n s p a re n t  l iq u id s ,  such as d ext ra n  o r  milk p lasm a. B ecause  of 
these  a d v e rse  e ffe c ts ,  the multiple la y e r  techniques seemed 
p re fe ra b le  to the single la y e r  p ro c e d u re ,  since sperm w ere  not
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subjected  to cen tr ifuga tion  and re su sp e n s io n  before  being p laced  
on subsequent albumin columns to complete the se p a ra t io n .
A staining time of eight minutes had been u sed  su ccess fu lly  
in p rev ious  ex p erim en ts ,  to identify  human Y -bearing  sperm  and 
th is  p ro ce d u re  was u se d  to examine sperm re c o v e re d  from the 
albumin la y e r s .  The r e s u l t s  of f lu o rescen t s ta in ing of these  sperm  
a re  compared to c o n tro ls  in T ab les  4 .2 ,  4 .3  and 4 .4 .  From 
Table  4 .2 ,  it may be seen  that th e re  was no significant d ifference  
between the p e rc e n ta g e s  of Y sperm  re c o v e re d  from the 6% albumin 
la y e r  and the p e rc e n ta g e s  of Y sperm  in the c o n tro ls .  In Table 
4 .3 ,  the r e s u l t s  of th re e  experim ents  showed an in c re a se d  p e r ­
centage of Y sperm , r e c o v e re d  from the albumin l a y e r s ,  com pared 
to the c o n tro ls ,  although the in c r e a s e s  w ere  not s ign if ican t. The 
r e s u l t s  of a fu r th e r  six  experim ents showed a d e c re a se d  p e rcen tag e  
of Y sperm  re c o v e re d  from the albumin l a y e r s ,  com pared to the 
c o n tro ls .  In Table 4 .4 ,  the r e s u l t s  of only one experim ent showed 
an in c re a s e d  p e rcen tag e  of Y sperm re c o v e re d  from the albumin 
l a y e r s ,  and th is  in c re a s e  was not sign ifican t; the r e s u l t s  of four 
su c ce ss iv e  experim ents  did not confirm th is  finding.
T h e re fo re  i t  was concluded from th ese  ex perim en ts ,  th a t ,  
c o n tra ry  to the r e s u l t s  of E r ic s s o n  et a l . (1973), th e re  was no 
evidence of a positive  in c re a s e  in the num bers of Y sperm re c o v e re d  
a f te r  albumin se p a ra t io n .  T h is  conclusion was supported  by the 
findings of Ross et a l . (1975).
From  the r e s u l t s  shown in T ables 4 .2 ,  4 .3  and 4 .4 ,  it  
might appear  tha t,  because  of the d e c re a se d  num bers of Y sperm  
re c o v e re d  from the albumin l a y e r s ,  compared to c o n tro ls ,  an actual 
in c re a s e  in the num bers of X sperm  re c o v e re d  may have taken p lac e .
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However in these  ex p er im en ts ,  the a sse ssm e n t  of the Y sperm was 
c a r r ie d  out v e ry  c r i t ic a l ly ,  in that i f  th e re  was any doubt w hat­
so ev er  of the p re s e n c e  of an F -b o d y , i t  was assum ed to be ab sen t .  
Such r ig o ro u s  a s se ssm e n t  of the Y sperm  would undoubtedly low er 
the p e rcen tag e  of Y sperm  ap p aren tly  p re s e n t .
In a study of th is  n a tu r e ,  the staining p ro ce d u re  is  of 
param ount im p o r tan c e . C onsequently , an investiga tion  of the 
effect of the p re s e n c e  of albumin and the length of s ta ining time on 
the p e rcen tag e  of sperm showing the p re se n c e  of an F -body  was 
c a r r i e d  out. T hese  r e s u l t s  a re  shown in F ig . 4 . 2 ,  w here  i t  
a p p ea rs  tha t four m inutes ' s ta in ing re s u l te d  in the g re a te s t  number 
of sperm  being iden tif ied , i r r e s p e c t iv e  of the p re s e n c e  of albumin 
in the sm ear .  When a sta in ing time of eight m inutes was u s e d ,  the 
p e rcen tag e  of Y sperm  sc o red  in a ll p re p a ra t io n s  (but e sp ec ia l ly  
in the 20% BSA p re p a ra t io n )  was reduced  s ign ifican tly , p robab ly  
because  of the g r e a te r  background f luo rescence  encoun tered . In 
the sep a ra t io n  e x p e r im e n ts , sperm  re c o v e re d  from the albumin 
la y e r s  w ere  w ashed at l e a s t  once in T y ro d e 's  so lu tion , before  
sm ears  w ere  p re p a re d  fo r  s ta in ing , so that the co ncen tra tion  of 
albumin p re s e n t  would c e r ta in ly  have been red u c ed , and would be 
un like ly  to have in te r fe re d  g re a t ly  with the iden tification  of the
Y sperm . Although over sta ining may have caused  the num bers of
Y sperm  iden tified  in th ese  experim ents  to be low er than expected , 
i t  would seem im probable tha t any in c re a s e  in the num bers of Y 
sperm , of the magnitude re p o r te d  by E r ic s s o n  et a l . (1973) would 
have been overlooked .
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5.1 INTRODUCTION
D ensity  g rad ien t  cen trifuga tion  i s  a technique u sed  
ex tensively  in the sep a ra t io n  and purification  of a wide v a r ie ty  of 
b iological m a te r ia ls .  The method involves the u se  of a supporting 
column of fluid , the d ens ity  of which in c re a s e s  tow ards  the bottom 
of the tube. When a m ixture of ce lls  o r  p a r t ic le s  is  p laced  on the 
g rad ien t  and cen trifuged  u n der  suitable conditions, separa tio n  may 
take p lace . This se p a ra t io n  may be r a te  zonal, w here  the ce lls  o r  
p a r t ic le s  s e p a ra te  in the g rad ien t  by v ir tu e  of th e i r  d ifferen t r a t e s  
of sedim entation , o r  isopycn ic , where the ce l ls  o r  p a r t ic le s  
sediment to the position  in the g rad ien t w here  th e i r  dens ity  equals 
tha t of the su rround ing  medium.
T here  is  no ideal a l l -p u rp o se  density  g rad ien t m a te r ia l  
and many subs tances  have been  u sed  for d iffe ren t  types of 
se p a ra t io n ,  e .g .  caesium  ch lo r id e ,  su c ro se ,  s a l t s ,  po ly­
sa c c h a r id e s .  H ow ever, when living ce lls  a re  to be se p a ra te d ,  
p a r t ic u la r  requ irem en ts  must be fulfilled in o rd e r  to maintain cell 
v iab ility . U sually , aqueous system s a re  u sed  and toxic subs tances  
and ex trem es of pH and osmotic p r e s s u r e  must be avoided.
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Separa tion  at 4^C is  p re fe ra b le  a lso ,  to slow cell metabolism 
and improve the chance of su rv iva l during lengthy separa tion  
p r o c e d u r e s .
H arvey  (1946) ca lcu la ted  that sperm ca r ry in g  a Y chrom o­
som e, and p o sse ss in g  l e s s  DNA than X -bearing  sperm , might be 
expected to have a sm alle r  specific  g rav ity  than X sperm and he 
suggested  tha t i t  might be poss ib le  to se p a ra te  these  two types of 
sperm on a density  g rad ie n t .  Since then , using  density  g rad ien t 
tech n iqu es , sperm  of a number of species  have been sep a ra ted  into 
populations (see  G enera l In troduction), but insem ination of these  
se p a ra ted  populations has had no con sis ten t e ffect on the sex ra t io  
of offspring p roduced , suggesting that no re a l  separa tion  of X and 
Y sperm has been ach ieved . How ever, B eatty  and Fechheim er
(1972), using  a F ico ll  g rad ie n t ,  managed to se p a ra te  diploid from 
haploid rab b it  sperm . The d ifference  in DNA content of these  
sperm is  fa r  g r e a te r  than that between X and Y sperm , but the 
r e s u l t  p rovided  some encouragem ent to hope that the development 
of a f in e r  technique might p e rh ap s  p roduce , at l e a s t ,  a p a r t ia l  
separa tion  of X and Y sperm .
With the development of the quinacrine  staining technique, 
it  has  become poss ib le  to m onitor separa tio ns  of human sperm  
d i re c t ly ,  to see i f  any change in the ra t io  of X and Y sperm has  
been p roduced . B ecause  of th is ,  it  was decided to study density  
g rad ien t  sep a ra t io n s  of both human sperm (as a m onitor) and the 
more re a d i ly  availab le  bovine sperm . T h ree  density  g rad ien t 
m a te r ia ls  w ere  chosen for th is  investigation .
Colloidal s i l ic a ,  the f i r s t  m a te r ia l  examined, has  been 
u sed  as a density  g rad ien t  medium for the concen tra tion  and
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purif ica tion  of a h e rp e s  v i ru s  ( P e r to f t , 1970) and fo r the 
sep a ra tio n  of blood ce lls  (P e r to f t  and L au ren t,  1969), while 
B ea tty  (1964) has  d e sc r ib e d  the u se  of a colloidal s i l ic a  g rad ien t 
for the sep a ra tio n  of ra b b i t  sperm  into a number of populations.
S u c ro se ,  the second g rad ien t m ate r ia l  examined in these  
experim en ts ,  has been u sed  to se p a ra te  both bovine and rabb it  
sperm into populations (B ened ic t,  Schumaker and D av ies , 1967). 
Insemination of the se p a ra ted  rab b it  sperm frac tio n s  (to in v e s ­
tigate any change in the ra t io  of X and Y sperm) was c a r r ie d  out, 
but no significant change in the sex ra t io  of the embryos re c o v e re d  
was re p o r te d .  R ecen tly , Rohde, Pors tm ann , P re h n  and D drne r  
(1975) published d e ta ils  of a d iscontinuous su c ro se  g rad ien t ,  
capable of sep ara ting  human sperm  into populations with d is t inc t  
p e rc en ta g es  of X and Y sperm  and th is  was the g rad ien t  examined 
in the p re se n t  s tu d ie s .
The th ird  g rad ien t  m a te r i a l , M etrizam ide, a t r i -  
iodinated benzam ido-deriva tive  of g lucose , is  a r e la t iv e ly  new 
dens ity  g rad ien t  m a te r ia l .  It is  an in e r t ,  non-cyto toxic  compound, 
re a d i ly  soluble in aqueous m edia, and even dense solutions have a 
r e la t iv e ly  low v is c o s i ty  and osm olarity . T hese  p ro p e r t ie s  should 
mean that M etrizam ide is  a u se fu l g rad ien t m a te r ia l  fo r the iso la tion  
of c e l ls ,  v i ru s e s  and su b -c e l lu la r  p a r t i c l e s . M unthe-K aas and 
Seglen (1974) have re p o r te d  the isopycnic sep a ra tio n  of r a t  l iv e r  
c e l ls  on a M etrizam ide g rad ie n t ,  while Rickwood, Hell and B irn ie
(1973) have used  a M etrizam ide g rad ien t fo r the isopycnic  sep ara tion  
of sh eared  chrom atin . H ow ever, the u se  of a M etrizam ide g rad ien t  
for the separa tio n  of sperm  has not been re p o r te d  p rev iou s ly .
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5 .2  M ATERIALS AND METHODS FOR 
COLLOIDAL SILICA GRADIENTS
5 .2 .  I Diluent fo r  Sperm
B a k e r 's  medium, modified to pH 7 -6  was p re p a re d  
acco rd ing  to the method of B eatty  (1964), a s  follow s:
Glucose 3*362 g )
NaCl 0 .252  g ) anhydrous
Na^HPO^ 0 .252  g ) subs tances
KH^PO^ 0 .0355 g)
D is ti lled  w a te r  to 100 ml
T his solution was taken  as concen tra tion  1.00 and, by 
d ilution of th is  with d is t i l led  w a te r ,  solutions of the following 
re la t iv e  con cen tra tio ns  w ere  p re p a re d  - 0 .3 5 ,  0 .5 0 ,  0 .7 0 ,
0 .9 0  and 0 . 9 3 . In addition , solutions of 1.25 and 1.50 concen­
tra t io n  w ere  p re p a re d .
5 . 2 .2  D ia lysis  of Colloidal S ilica
Colloidal s i l ic a  (Syton X 30 , Monsanto L td . ,  London, 
U . K . )  was supplied as  an opa lescen t suspension  with a pH of
9 . 6  - 10.0 at 20^C. The suspension  was poured  into t r a n s p a re n t  
seam less  tubing (Vi skin g tubing) and d ia lysed  aga inst 0 .9 3  
B a k e r 's  medium for 2 4 - 4 8  h o u rs .
5 . 2 .3  P re p a ra t io n  of G rad ien ts
A d en s ity  g rad ien t  of 9 .5  ml volume was p re p a re d  in a 
P e r s p e x  double cham bered g rad ien t  m a k e r , s ta r t in g  with equal 
volumes of 0 .9 3  B a k e r 's  medium and d ia lysed  collo idal s i l ic a .
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The g rad ien t  was pumped by a p e r i s ta l t ic  pump, (L K B -P ro d u k te r  
L td . ,  Bromma 1, Sweden), through  an u l t r a  v io le t  ab so rp t io -  
m ete r  d e te c to r  unit (LKB) into a cellu lose  n i t r a te  cen trifuge  tu b e , 
f ” d iam eter  x 2-|" .
5.2.4- P re p a ra t io n  of Semen
E ach human and bovine e jacu la te  w as diluted with an equal 
volume of 0 .9 3  B a k e r 's  medium. Using a P a s te u r  p ipe tte ,  0 .3  ml 
of the dilu ted  semen was applied to the g rad ie n t .  The rem ain d er  
of the d iluted semen was re ta in e d  as experim ental con tro l .
5 .2 .5  Centrifugation  of G rad ien ts
A fter  dilu ted  semen had been applied to the g ra d ie n ts ,  the 
tubes w ere  sea led  with c a p s .  The g rad ien ts  w ere  cen trifuged  in 
a Type 50 fixed angle aluminium r o to r ,  at 20°C fo r  two ho u rs  at
2 ,000  g , in an L2 - 65B u l t r a -c e n tr i fu g e  (Beckman Instrum ents 
I n c . ,  Spinco D iv ision , Palo  A lto , C a lifo rn ia , U . S . A . ) .
5 . 2 . 6  Exam ination of G rad ien ts
At the end of cen tr ifug a tion , the g rad ien ts  w ere  removed 
from the r o to r  and examined in day ligh t, for the d is tr ib u tio n  of 
sperm . Each g rad ien t  was h a rv e s te d  by p ie rc in g  the base  of the 
tube with a 21 gauge n e ed le ,  a ttached  by polythene tubing to a 
p e r i s ta l t ic  pump. The g rad ien t  was pumped through an u l t r a  
v io le t  ab so rp tio m ete r  d e te c to r  un it  (LKB - P ro d u k te r ,  L td .)  and 
co llec ted  in 0 .5  ml f r a c t io n s .
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5 .2 .7  R ecovery  of Sperm from H arves ted  F ra c t io n s
Each frac tio n  containing sperm was diluted with an 
approxim ately  equal volume of 0 .9 3  B a k e r ’s medium and c e n t r i ­
fuged at 20^C fo r  20 m inutes at 950 g. A fter cen trifuga tion , 
the cell deposit was r e  suspended in 0 .93  B a k e r 's  medium and 
cen trifuged  again . At the end of th is  tim e, the cell  deposit was 
re  suspended in sufficient fixative ( 3 : 1 ,  methanol : ace tic  acid) to 
form a milky suspension  and allowed to stand for 2 0 - 3 0  m inutes , 
then sm ears  w ere  p re p a re d  on clean  wet s lides  and d r ied  rap id ly .
5 .2 .8  F lu o re sc e n t  Staining of Human Sperm
The sm ears  w ere  sta ined  in 0.5% aqueous qu inacrine  
d ihyd ro ch lo r ide , for 5 - 6  m inutes , r in se d  b r ie f ly  in  running tap 
w a te r  and in d is t i l led  w a te r  and d r ied  rap id ly .  Then, they  w ere  
mounted in d is t i l led  w a te r  with sealed  cover s lip s  and examined 
immediately in u l t r a  v io le t  l ig h t ,  as  d e sc r ib e d  a lre ad y .
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5 .3  R E S U L T S  FOR COLLOIDAL SILICA GRADIENTS
5 . 3 .1  Survival of Sperm in B a k e r 's  Medium
(a) Human Sperm
Eight te s t  tubes w e re  p re p a re d  so that each contained
1,0 ml of B a k e r 's  medium of a p a r t ic u la r  concen tra tio n . A few 
d rop s  of f r e s h  human semen w ere  added to each so lu tion , mixed 
gently  and lef t  to stand fo r  two ho u rs  at room te m p e ra tu re .  T hen , 
a few d ro p s  of the m ix ture  w ere  rem oved from each  tube and 
examined m ic ro sc o p ic a l ly . E stim ates  w ere  m ade, for each sam ple, 
of:
(a) the % sperm  showing m otility  and
(b) the m otility  sc o re  of the sp e rm , accord ing  to
the method of U1 ste in  (1972), w here  sperm  is 
sc o red  betw een 0 (immotile) and 4 (v e ry  rap id  
p ro g re s s iv e  m otility).
T hese  r e s u l t s  a re  shown in Table  5 .1 , and i t  may be seen  tha t 
human sperm  su rv iva l  appea red  to be b es t  in 0 .9 3  B a k e r 's  medium.
(b) Bovine Sperm
A s im ila r  examination of bovine sperm  su rv iva l  in the 
range  of co n cen tra tio n s  of B a k e r 's  medium was made and th ese  
r e s u l t s  a re  shown in  Table  5 .2 .  It may be seen  tha t bovine sperm 
seemed a lso  to su rv ive  b e s t  in 0 .9 3  B a k e r 's  medium.
T h e re fo re ,  in subsequent experim ents with both human and 
bovine sperm , 0 .9 3  B a k e r 's  medium was u se d .
D ia lys is  of collo idal s i l ic a  with 0 .9 3  B a k e r 's  medium 
redu ced  the pH of th is  m ate r ia l  to around 7 .6  . The d ia lysed  
collo idal s i l ic a  w as u se d  im m ediately , because  of i t s  tendency  to gel 
on standing ,
9 2
Table 5.1 Surv ival of Human Sperm in B a k e r 's  Medium
C oncentration  of 
B a k e r 's  Medium
% Motile 
Sperm
M otility
Score
0 .3 5 0 - 5 0 - 1
0 .5 0 20 2
0 .7 5 50 3
0 .9 0 50 3
0 .9 3 60 3
1 .00 55 3
1 ,25 40 2
1.50 30 2
Table 5 .2  Surv ival of Bovine Sperm in B a k e r 's  Medium
C oncen tra tion  of 
B a k e r 's  Medium
% Motile 
Sperm
M otility
Score
0 .3 5 0 - 5 0 - 1
0 .5 0 30 1
0 ,7 5 40 1
0 .9 0 40 2
0 .9 3 65 2
1 .00 50 1
1 .2 5 40 1
1 .50 40 1
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5.3*2  R efrac tive  Index and Specific G rav ity
of Dilutions of Colloidal S ilica
The re f ra c t iv e  ind ices  of dilutions of d ia lysed  colloidal 
s i l ica  with 0 .9 3  B a k e r 's  medium w ere m easu red , using  an Abbe^
60 re f ra c to m e te r  (Bellingham and Stanley L td . , London, U .K . ) .
The specific  g rav ity  of each dilution was m easured  d i re c t ly ,  by 
weighing. The r e s u l t s  a re  shown in Table 5 .3 .  From th e s e ,  
the re la tio n sh ip  between specific  g rav ity  and re f ra c t iv e  index, 
for d ilutions of collo idal s i l ic a  with 0 .9 3  B a k e r 's  medium, was 
plotted as  shown in F ig . 5 .1 , w here it  may be seen  tha t a d i re c t  
l in e a r  re la tio n sh ip  e x is ts .  B ecause  of th is d i re c t  l in e a r  re la t io n ­
sh ip , i t  is  poss ib le  to make a rap id  a sse ssm en t  of the specific  
g rav ity  of any collo idal s i l ic a  dilution with 0 .9 3  B a k e r 's  medium, 
by m easuring  i ts  r e f ra c t iv e  index.
5 . 3 .3  Examination of the P re p a re d  G radien t fo r L in ea r i ty
T rac in g s  w ere  obtained from the u l t r a  v io le t  abso rp tiom ete r  
during  g rad ien t  form ation. A typical example of the t r a c e  obtained 
is  shown in F ig , 5 .2 ,  and it  may be seen that a smooth g rad ien t  
was form ed, a p a r t  from small flattened a re a s  at the beginning and 
end of g rad ien t form ation . From re f ra c t iv e  index m easu rem en ts , 
the av erage  specific  g rav i ty  range  of the g rad ien t was found to be 
1 .0 1 - 1.17 gm/ml .
5 . 3 .4  B ehaviour of Human Sperm on the G rad ien ts
When human sperm w ere  centrifuged on a colloidal s i l ic a  
g rad ie n t ,  they "clumped" tog e ther  in the middle of the g rad ien t ,  
at a specific  g rav ity  of I.O8 gm/m l, as shown in F ig . 5*3.
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Table  5 .3  Specific G rav ity  and R efrac tive  Index 'of Dilutions 
of Colloidal S ilica  with 0 .9 3  B a k e r 's  Medium
Dilution of Colloidal S ilica  
with 0 .9 3  B a k e r 's  Medium(v/V)
Specific G rav ity  
gm/ml
R efrac tive
Index
0 .9 3  B a k e r ’s Medium ( B .M .) 1.0010 1.3379
0 ,2  Colloidal S ilica  : 0 .8  B .M . 1,0420 1.3415
0 .4  Colloidal S ilica  ; 0 .6  B .M . 1.0770 1.3455
0 .6  Colloidal S ilica  : 0 .4  B .M . 1.1145 1.3499
0 .8  Colloidal S il ica  : 0 .2  B .M . 1.1520 1.3545
Colloidal S ilica 1.1865 1.3587
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F ig .  5«1 The re la t io n sh ip  between specific  g rav ity  
and r e f ra c t iv e  index of dilutions of colloidal 
s i l ic a  with 0 .9 3  B a k e r 's  medium.
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Fig . 5 .2  Example of the t ra c in g  obtained from the 
u l t r a  v io le t  abso rp tiom ete r  during 
form ation of a collo idal s i l ica  g rad ien t .

F ig .  5 .3  Human sperm  cen trifuged  on 
the collo idal s i l ic a  g rad ien t.
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Attempts to remove the seminal p lasm a, by washing the sperm  in 
0 .9 3  B a k e r 's  medium p r io r  to th e ir  application to the g rad ien t,  
p roduced no change and reduc tio ns  in the fo rce  and time of c e n t r i ­
fugation did not produce  fu r th e r  separa tio n  of the sperm .
The sperm  w ere  re c o v e re d  from the g rad ien t  and washed 
twice in 0 .9 3  B a k e r 's  medium, before  staining with qu inacrine  
d ih y d ro ch lo r id e , H ow ever, no r e s u l ts  of f lu o rescen t  stain ing 
w ere  obtained , becau se  the sperm  w ere  ob scu red  by v e ry  b righ t 
background f lu o re sc en c e ,  p robab ly  caused  by collo idal s i l ic a  still  
p re s e n t  In the p re p a ra t io n .  Repeated attempts to remove th is  by 
washing fa iled .
5 . 3 .5  B ehaviour of Bovine Sperm on the G rad ien ts
The r e s u l t s  of experim ents using  sperm  from seven bulls 
a re  shown in F ig . 5*4-, w here  i t  may be seen  th a t ,  a f te r  c e n t r i ­
fugation, the sperm  of six  of these  bulls se p a ra ted  into two bands, 
v is ib le  in the g rad ie n t .  The u p per  band had an av erage  specific  
g rav ity  of 1.11 gm/ml and the low er band had an average  specific  
g rav ity  of 1.14 gm/m l. A faint th ird  band was p re s e n t  v a r ia b ly ,  
in the reg ion  of the o rig ina l sperm  la y e r  / g rad ien t  in te r f a c e . 
M icroscop ic  examination of each of the two main bands rev ea led  
the p re se n c e  of spe rm , some of which showed weak n o n -p ro g re s s iv e  
m otility , although the m ajo rity  w ere  immotile. Examination of 
sperm  morphology rev e a le d  no obvious d iffe rences  in s t ru c tu re  
between these  two groups of sperm .
To compare the behaviour of living and dead bovine sperm 
on colloidal s i l ic a  g ra d ie n ts ,  sperm  which had been killed  by 
adding a few d ro p s  of form alin  to the suspension  w ere  applied to
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F ig .  5 .4  Bovine sperm  cen trifuged  on 
the collo idal s i l ic a  g rad ien t.
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the g rad ien t  and cen tr ifuged . The r e s u l t  of th is  i s  shown in F ig . 
5 . 5 , w here  i t  may be seen  tha t a single band of sperm  formed in 
the g rad ie n t ,  at a specific  g rav ity  of 1.10 gm/ml.
B ecause  k illed  sperm  formed one band in the g rad ien t 
while sperm  from a norm al e ja cu la te ,  (presum ably  a m ixture of 
living and dead sperm ), formed two bands, it was considered  
p oss ib le  tha t a sep a ra t io n  of living and dead sperm might be taking 
p lace  on the g rad ien t.  To inves tiga te  th is ,  n ig ro s in /e o s in  staining 
of the sperm re c o v e re d  from the two bands was c a r r i e d  out, 
acco rd ing  to the method of Campbell et a l . (1953). How ever, no 
c le a r  an sw er  was obtained , a s  n e ith e r  band of sperm  was found to 
be e i th e r  com pletely  eosinophilic  o r  completely u ns ta ined . Although 
it  was fe lt  that collo idal s i l ic a  p re s e n t  in the p rep a ra t io n  may have 
in te r fe re d  with the staining of sperm , (flakes of s i l ic a  w ere  seen  
on the s lides  examined), washing of the sperm  befo re  stain ing was 
not c a r r ie d  out, as damage caused  to the sperm  during  washing 
might have caused  m ore sperm  to s ta in  eosinoph ilica lly . In o rd e r  
to overcome th is  prob lem , a  method of d istinguish ing  dead from 
living sperm  by the app ea rance  of the acrosom e was adopted.
Sperm from the contro l and sperm  rec o v e re d  from the two bands 
in the g rad ien t  w ere  examined on a thick film of 1% ag ar  in R in g e r 's  
so lu tion , under phase  c o n tr a s t ,  according to the method of Hancock 
(1952). The sperm  w ere  examined under o il ,  at x 1,000 m agni­
fication  and the to ta l number observed  and the number of these  with 
detachment of the acrosom e (and th e re fo re  p resum ed dead), w ere  
no ted . T hese  r e s u l t s  a re  shown in Table 5 .4  and it m a y b e  seen  
that th e re  was no ap p aren t in c re a s e  in the num bers of dead sperm 
in e i th e r  of the two bands r e c o v e re d  from the collo idal s i l ica  
g rad ie n t ,  com pared to the c o n tro l .  P la te s  5.1 and 5 .2  show the
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F ig . 5 .5  Killed bovine sperm centrifuged 
on the colloidal s i l ic a  g rad ien t.
enOo
o
<NJ
C
o
4—
DO)
D
C0)u
U
CN
D
\2.
CN
cS
a
E
c#
Cü
Q.i/)
-Q0
co
E
Ln
ct!
« |iwc
5 .9^
0  “U 
C 2
D)
O
Table 5 .4  Estim ation of the Numbers of 
Living and Dead Sperm on a 
Colloidal S il ica  G rad ien t
Total Number 
of Sperm 
O bserved
Number of Sperm 
with Detachment 
of Acrosome
% Dead 
Sperm
Control 200 85 4 2 .5
Sperm from 
U pper Band 
in G radient
200 86 4 3 .0
Sperm from 
Lower Band 
in G rad ien t
200 85 4 2 .5
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difference  in ap pea rance  of living and dead bovine sperm , 
examined under phase  c o n tra s t .
Sperm from bull number 7 sep a ra ted  into th ree  bands in 
the low er p a r t  of the collo idal s i l ica  g rad ie n t ,  as  shown in F ig .
5 .4 ,  with a fourth  faint top band p re se n t  v a r ia b ly .  The low erm ost 
main band had an average  specific  g rav ity  of 1.16 gm/ml, the 
middle band, 1.13 gm /m l, and the upperm ost band, 1.11 gm/ml. 
M icroscop ic  examination of the th ree  bands rev ea led  that the low est 
band consis ted  mainly of detached sperm  h e ad s ,  the middle band 
contained sperm  with head and ta i l  a ttached , and the upperm ost 
band consis ted  m ainly of f re e  ta i l  - m idpieces of sperm . When 
f re s h  semen from bull number 7 was examined by n ig ro s in /e o s in  
s ta in ing , accord ing  to the method of Campbell e t a l . (1953), i t  was 
found that approxim ately  42% of detached sperm heads w ere  p re s e n t .
Sperm from an e jacu la te  of one of the o th e r  bulls w ere  ' 
subjected to u l tra so n ic  trea tm en t (100 watt u l t ra so n ic  d is in te g ra to r .  
M easuring  and Scientific  Equipment L td . ,  C raw ley , U .K .)  for 
20 s e c s .  , to produce  sep a ra tio n  of sperm heads and t a i l s ,  by 
f r a c tu re  of the neck , accord ing  to the method of Zaneveld , W agner, 
Schlum berger and Schum acher (1974). After m ic roscop ic  examin­
a tion , to check tha t se p a ra t io n  had o c c u r re d ,  th ese  sperm  w ere  
cen trifuged  on a colloidal s i l ic a  g rad ie n t ,  under the same conditions 
as d e sc r ib e d  b e fo re .  Subsequent examination of the g rad ien t 
showed that two bands formed in the low er reg ion  of the g rad ien t ,  
as  shown in F ig . 5 .6 .  The low er band had se ttled  at a specific  
g rav ity  of 1.16 gm/ml and m icroscop ic  examination showed tha t i t  
cons is ted  of de tached sperm  h e a d s ,  as shown in P la te  5 .3 .  The 
u p per  band had se ttled  at a specific  g rav ity  of 1.10 gm/ml and was 
found, on exam ination, to c o n s is t  of f ree  ta il  - m idpieces of sperm , 
as  shown in P la te  5 .4 .
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Plate 5.1
Living Bovine Sperm 
examined under phase  
contrast  at x 1,000  
magnification
Plate 5 . 2
Dead Bovine Sperm 
examined under phase  
contrast  at x 1,000  
magnification
F ig .  5 .6  "Ultrasonicated bovine sperm  centrifuged
on the collo idal s i l ic a  g rad ien t.
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Plate 5 . 3  Detached Bovine Sperm Heads stained 
with Haematoxylin and Eosin
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Plate 5 . 4  Bovine Sperm Tail - Midpieces  stained 
with Haematoxylin and Eosin
5 .4  M ATERIALS AND METHODS 
FOR SUCROSE GRADIENTS
5 . 4 .1  P re p a ra t io n  of G la ssw are
All g la s sw a re  was s i l ic o n ise d , by r in s ing  in a 2% 
solution of d im ethy ld ich lorosilane  in carbon te t r a c h lo r id e ,  
( " R e p e lc o te " , Hopkin and W illiams L td . ,  Chadwell Heath,
E sse x ,  U . K . ) .
5 . 4 . 2  P re p a ra t io n  of Sperm Diluent and S ucrose  Solutions
As a diluent fo r sperm , ca lc iu m -free  R in g e r 's  so lu tion , 
pH 7 . 4 - 7 . 6 , (K re b s -H e n s le i t -R in g e r  so lution, d e sc r ib e d  by 
M ann, 1964) was p re p a re d  and i ts  osm olarity  was m easu red , 
using  a Knauer sem i-m icro  osm om eter, (Shandon Scientific  Co. 
L t d . ,  W illesden, London, U . K . ) .
S uc rose  solutions of 70%, 60%, 50%, 40% and 30%
(W /V) concen tra tions  w ere  p re p a re d  in ca lc ium -free  R in g e r 's  
solution and th e i r  o sm o la r i t ie s  w ere  m easu red . The re f ra c t iv e  
index of each solution was m ea su re d ,  using  an Abbe 60 
re f ra c to m e te r  and i ts  specific  g rav ity  was determ ined d i re c t ly  by 
weighing,
5 . 4 . 3  P re p a ra t io n  of G rad ien ts
Two g rad ien t  system s w ere  used  in th ese  experim ents:
(i) D iscontinuous System
G rad ien ts  of 4 ,8  ml volume w ere p re p a re d  by lay e r in g
1.2  ml of 60%, 50%, 40% and 30% su c ro se  so lu tions , su c ce ss iv e ly ,
in ce llu lose  n i t r a te  tu b es .
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(ii) Continuous System
T hese  g rad ien ts  w ere  p re p a re d  accord ing  to the method 
of Stone (I974). 2 . 4  ml 60%  su c ro se  solution was ov erla id  with
2 .4  ml 30% su c ro se  so lu tion , in a ce llu lose  n i tra te  tube held in 
the v e r t ic a l  position . The tube was c losed  with p la s t ic  sealing 
t is su e  C 'P ara film ") and tipped to a horizon ta l position , o ver  40 
seconds . The tube rem ained  in th is  position at room te m p e ra tu re , 
fo r e i th e r  6 o r 24 h o u rs .  At the re q u ire d  tim e, the tube was 
re tu rn e d  to the v e r t ic a l  position , over 40 seconds .
Using the same method, g rad ien ts  w ere  p re p a re d  using
2 .4  ml 70% su c ro se  so lu tion , overla id  with 2 .4  ml 30% su c ro se  
solution. T hese  g rad ien ts  w ere  kept in the ho rizon ta l position 
for e i th e r  3 o r  4 h o u rs ,  befo re  being re tu rn e d  to the v e r t ic a l .
5 .4 . 4  P re p a ra t io n  of Semen and Application to the G rad ien ts
Human semen was d ilu ted  with an equal volume of calcium - 
f re e  R in g e r 's  solution and washed six t im es, a t 4 ° C , fo r  10 
m inutes at 110 g. A fter the final w ashing, the p e lle t  of sperm  
was r e  suspended to 0 .8  ml volume in ca lc ium -free  R in g e r 's .
0 .5  ml of th is  suspension  was applied to each g ra d ie n t ,  using  a 
P a s te u r  p ip e tte ,  the rem a in d e r  being re ta ined  as  experim ental 
con tro l.
F o r  some experim en ts ,  sperm from two e ja c u la te s ,  from 
d iffe ren t  d o n o rs ,  w ere  combined fo r application to a g rad ien t.  
The e jacu la te s  w ere  washed se p a ra te ly ,  as b e fo re ,  and a f te r  the 
final w ashing , each  was resu sp en d ed  to 0 .5  ml in ca lc ium -free  
R in g e r 's  so lu tion . Then, 0 ,2 5  ml was removed from each s u s ­
pension  and re ta in e d  s e p a ra te ly ,  as experim ental co n tro l ,  the
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rem aining volumes being combined for app lication  to the g rad ien t .
1 ml bovine semen was diluted with an equal volume of 
ca lc ium -free  R in g e r 's  and washed six times in the m anner d e s ­
c ribed  fo r  human semen. A fter the final w ashing, the sperm 
w ere  r e  suspended to 0 .5  ml in  ca lc ium -free  R in g e r 's  solution 
and applied to the g rad ie n t ,  u s ing  a P a s te u r  p ipe tte .
5 . 4 . 5  Conditions of Centrifugation
G rad ien ts  of 4 .8  ml volume w ere centrifuged at 4^C 
fo r  e i th e r  3O o r  60 m inutes at 12,000 g in an SW65K swinging 
bucket aluminium r o to r ,  in an L 2 - 6 5 B  u ltra ce n tr ifu g e  (Beckman 
L td .) .  In addition, continuous g rad ien ts  w ere  cen trifuged  at
5 ,000  g and at 1,300 g , fo r 30 m inutes.
5 . 4 . 6  Examination and H arves ting  of G rad ien ts
Blank continuous g rad ien ts  w ere  h a rv e s te d  by downward 
d isp lacem en t, a f te r  p ie rc in g  the base  of the tube with a 21 gauge 
needle  a ttached  to a p e r i s ta l t ic  pump, and 0 .5  ml f rac tio n s  w ere  
co llec ted , so tha t the g rad ien t  might be examined for l in e a r i ty .
At the end of cen tr ifuga tio n , g rad ien ts  containing sperm 
w ere  examined for the p re se n c e  of bands, using  a spec ia l  d a rk -  
ground light so u rc e .  The g rad ien ts  w ere  photographed under 
these  conditions. In addition , e i th e r  the g rad ien t  i t s e l f  o r  the 
co rrespond ing  photographic  p la te  was p laced  on a densitom eter 
(Model DD2, Kipp and Zonen, Delft, Holland) and examined in 
v is ib le  l igh t.
H arves ting  of bands p re s e n t  in the g rad ien t  was c a r r ie d  
out while the tube was illuminated in d ire c t ly .  The so ft-w alled
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tube was p ie rc ed  immediately below the level of each  band, with 
a 21 gauge needle  and the contents of the band w ere  w ithdrawn 
slowly into an a ttached  1 ml sy r in g e . The bands w ere  h a rv e s te d  
in o rd e r  of d e sc e n t .  A new needle  and sy ringe  w ere  u sed  fo r  
each band. A fter h a rv e s t in g ,  needle  and syringe  w ere  washed 
out twice with ca lc ium -free  R in g e r 's  and the washings w ere  added 
to the re c o v e re d  f rac t io n .
5 .4 .7  R ecovery  of Sperm from H arves ted  F ra c t io n s
F ra c t io n s  containing sperm  w ere  diluted with an equal 
volume of ca lc ium -free  R in g e r 's  and centrifuged at 4°C for 20 
m inutes at 950 g. Each p e lle t  was r e  suspended in d iluent and 
centrifuged again . Then , the sperm p e lle t  was r e  suspended,
fo r 2 0 -  30 m inu tes , in sufficient fixative ( 3 : 1 ,  methanol : ace tic  
acid) to p roduce a milky su spens ion . Sm ears w ere  p re p a re d  on 
clean  wet s lides  and d r ied  rap id ly .
Sperm , u sed  as c o n t r o l , w ere  a lso  suspended in fixative 
fo r 20 - 3 0  m inutes and sm ears  w ere  p re p a re d ,  as b e fo re .
5 . 4 . 8  F lu o re sc e n t  Staining of Human Sperm
The sm ears  w e re  sta ined  with qu inacrine  d ihydroch lo ride  
and mounted in w a te r ,  accord ing  to the method d e sc r ib e d  a lre a d y ,  
fo r sperm re c o v e re d  from collo idal s i l ic a  g ra d ie n ts .  The sm ears  
w ere  examined in u l t r a  v io le t  l ig h t , immediately a f te r  mounting, 
as  d e sc r ib e d  b e fo re ,  and the p roportion  of sperm showing the 
p re se n c e  of an F -bo dy  was noted.
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5 .5  RE S UL T S  FOR SUCROSE GRADIENTS
5 . 5 .1  O sm olarity , R efrac tive  Index and 
Specific  G rav ity  of Solutions
The o sm o la r i t ie s  of the sperm  diluent and the su c ro se  
solutions w ere  m easu red  by the d e p re ss io n  of f reez ing  point p r o ­
duced and the r e s u l ts  a re  shown in Table 5 . 5 .  It may be seen 
tha t the o sm o lar i t ie s  of the more concen tra ted  su c ro se  solutions 
w ere  beyond the ran ge  of the osm om eter, but dilution of these  
so lu tions , to reduce  the osm olarity , was not p o s s ib le , because  
of the change in the ac tiv ity  coefficient of the solution when 
d ilu ted . The o sm o lar i t ie s  of the su c ro se  solutions w ere  much 
g r e a te r  than the value of 302 mOsmols given for human semen, 
re p o r te d  by Mann, (1964).
The r e s u l t s  of m easuring  re f ra c t iv e  index and specific  
g rav ity  of su c ro se  so lu tions a re  shown in Table 5 .6  and from 
th ese  v a lu e s ,  the re la tio n sh ip  between specific  g rav ity  and 
r e f ra c t iv e  index was exam ined, as shown in F ig . 5 . 7 .  This 
re la tio n sh ip  is  d i re c t  and l in e a r ,  so th a t ,  as fo r  the colloidal 
s i l ic a  d i lu t io n s , subsequent m easurem ent of r e f ra c t iv e  index of 
su c ro se  solutions provided a rap id  method of a s se s s in g  th e ir  
specific  g rav ity .
5 . 5 .2  Examination of G rad ien ts  fo r L in eari ty
(i) Discontinuous System
A l in e a r  g rad ien t was not form ed, because  the g rad ien t  had 
been p re p a re d  by lay e r in g  four concen tra tions of su c ro se  solutions 
su c ce ss iv e ly  within the cellu lose  n i tra te  tube. H ow ever, the 
in te r fa c e s  between the su c ro se  solutions w ere  v is ib le  and these
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T able  5*5 O sm olarity  of C alc ium -F re e  R in g e r 's
Solution and S ucrose  Solutions
Solution
Osm olarity  
(in mOsmols)
C a lc iu m -F ree  R in g e r 's 275
30% S ucrose 1,100
40% S ucrose >  1,600
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Table  5 .6  Specific  G rav ity  and R efrac tive
Index of S uc ro se  Solutions
Concentration  of 
S uc rose  Solution 
w /v
Specific 
G rav ity  
(gm /ml)
R efrac tive
Index
30% 1.1292 1.376
40% 1.1725 1.391
50% 1.2060 1.405
60% 1.2543 1.423
70% 1.2717 1.432
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F ig .  5 .7  The re la t io n sh ip  between specific  g rav ity  
and r e f ra c t iv e  index of su c ro se  so lu t io n s .
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w ere  h a rv e s te d  by puncturing  the soft-w alled  tube with a needle 
and withdrawing approxim ately  0 .2  ml of the liquid in the reg ion  
of the in te r fac e  into the a ttached  sy r in ge . The re f ra c t iv e  index 
of each  in te r face  was m easu red  and the co rrespond ing  specific  
g rav ity  was determ ined from F i g . 5 .7 .  T hese  r e s u l ts  a re  shown 
in Table 5 .7 .  The re f ra c t iv e  ind ices  shown in Table 5 .7  may 
appear to be low er than would be expected from the va lues for 
su c ro se  solutions shown in Table 5 .6 ,  but undoubtedly, some 
mixing will have taken p lac e ,  both during g rad ien t  p rep a ra t io n  
and h a rv e s t in g .
(ii) Continuous System
60% - 30% g rad ien ts  w ere  h a rv e s te d  in nine 0 .5  ml f ra c t io n s ,  
a f te r  6 or 30 hours' d iffusion and the re f ra c t iv e  index of each 
frac tion  was m easu red . 70% - 30% g rad ien ts  w ere  h a rv e s te d  
s im ila r ly , a f te r  3 o r  4 hours ' diffusion and the r e f ra c t iv e  index 
of each frac tio n  was m easu red .  These r e s u l ts  a re  compared in 
F ig . 5 .8  and the d i re c t  l in e a r  re la tionsh ip  between re f ra c t iv e  
index and specific  g rav i ty  of su c ro se  solutions allowed the r e ­
frac t iv e  index va lues  of the f rac tion s  to be u sed  a s  an indication  
of the shape of the den s ity  g rad ie n t .  From F ig . 5 .8 ,  it  may be 
seen  that the 70%- 30% g rad ie n t ,  p re p a re d  by 3 h o u rs '  d iffusion, 
was the s te ep e s t  l in e a r  g rad ien t  formed and th is  g rad ien t  was 
chosen  for subsequent ex perim en ts .
5 . 5 .3  Examination of G rad ien ts  containing 
Sperm , a f te r  Centrifugation
(i) Discontinuous System
Both human sperm  and bovine sperm  se p a ra ted  into five 
populations, when cen trifuged  on the discontinuous su c ro se  g rad ien t .
1 0 8
Table 5*7 R efrac tive  Indices and Specific
G rav it ie s  of the In te rface  A reas  of 
the Discontinuous Sucrose  G rad ien ts
In terface  between 
S ucrose  L ay e rs
R efractive
Index
Specific G rav ity  
(gm/ml)
30 - 40% 1.379 1.137
/# -5 0 % 1.384 1.151
50 - 60% 1.402 1.198
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F ig .  5 .8  F o u r  Continuous S ucrose  D ensity  G rad ien ts  .
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as shown in F ig , 5*9 • This sep ara tion  was re a d i ly  v is ib le  when 
the g rad ien ts  w ere  examined in in d ire c t  l igh t. When g rad ien ts  
containing sperm  w ere  examined by d e n s i to m e try , a t r a c e  was 
obtained , an example of which is  shown in F ig . 5.10. Five peaks 
a re  recog n isab le  in  F ig . 5 .10, co rrespond ing  to the populations 
of e i th e r  human sperm  o r  bovine sperm in the g rad ien t.
The five populations of sperm  w ere  h a rv e s te d  and 
examined m ic ro scop ica lly  and each  population was found to co nsis t  
of immotile sperm . The re f ra c t iv e  ind ices  of the four bands and 
p rec ip ita te  w ere  m easu red  in separa tio n  experim ents using  both 
human and bovine sperm , and the specific g rav ity  of each was 
determ ined from F i g . 5 .7 .  These  re s u l ts  a re  shown in Table
5 .8  and it may be noted tha t s im ila r  specific g rav ity  va lues w ere  
obtained fo r both human and bovine sperm populations , indicating 
that the sperm  of both sp ec ie s  had separa ted  at s im ila r positions in 
the g rad ien t.  Com parison of the r e s u l ts  in T ab les  5 .7  and 5 .8  
shows that the sperm  had se p a ra ted  at the in te r fa c e s  in the 
g rad ien t.
The d is tr ib u tio n  o f  sperm  in the g rad ien t was investigated  
by counting the number of sperm  applied to the g rad ien t and the 
num bers re c o v e re d  from the four a re a s  of banding and the p r e c ip i ­
ta te ,  a f te r  cen tr ifuga tion . Human sperm  counts w ere  made using  
a haem ocy tom eter, while bovine sperm  counts w ere  c a r r ie d  out 
using  the C oulter  c o u n te r .  T hese  re s u l ts  a re  shown in T ab les
5 .9  and 5-10. Using the r e s u l ts  fo r human sperm  shown in Table 
5 . 9 , it  was calcu la ted  tha t 10.45 x 10^ sperm  (in 0 .5  ml 
suspension) w ere  applied to the g rad ien t and that the to ta l number 
of sperm  re c o v e re d  a f te r  cen trifugation  was 7 .5  x 10^, with
2 .95  X 10^ sperm  not re c o v e re d  a fte r  h a rv e s t in g .  Using the
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F ig . 5 .9  Human sperm  centrifuged  on a 
d iscontinuous su c ro se  g rad ien t
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F ig .  5.10 Example of the densitom eter trac in g
obtained when a d iscontinuous su c ro se  
g rad ien t  containing sperm was examined.
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Table 5 .8  R efrac tiv e  Ind ices  and Specific G rav it ie s  of
Human and Bovine Sperm Popu la tions , sep a ra ted  
on the D iscontinuous Sucrose  G rad ien t
Sperm 
Population 
Band Number
Human Sperm Bovine Sperm
R efrac tive
Index
Specific
G ravity
(gm/ml)
R efrac tive
Index
Specific
G rav ity
(gm/ml)
1 1.355 1.072 1.359 1.082
2 1.378 1.135 1. 376 1.128
3 1.386 1.156 1.384 1.150
4 1.399 1.190 1.392 1.172
P re c ip i ta te 1.4-13 1.228 1.409 1.217
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Table  5*9 D istr ibu tion  of Human Sperm on a Discontinuous
S ucro se  G rad ien t, a f te r  60 minutes at 12,000 g
Sperm Band 
Number
Volume
R ecovered
(ml)
Count p e r  ml 
(A verage of 2)
No. of Sperm 
Recovered
1 0 .8 5,625 4 ,50 0
2 0 .7 5 , 0 0 0 3,500
3 0 .8 15,625 1 2 , 5 0 0
4 1 .0 282,500 2 8 2 , 5 0 0
P re c ip i ta te 0.15 47 .75  X 10^ 7 . 2  X  1 0 ®
Control 
(R esuspension  
a f te r  washing)
- 2 0 . 9  X 1 0 ® -
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r e s u l ts  for bovine sperm  shown in Table 5.10, 282.95 x 10^ 
sperm  w ere  applied to the g rad ien t ,  while 202.8  x 10^ sperm  
w ere  re c o v e re d ,  a f te r  cen tr ifuga tion , and 8 0 .2  x 10^ sperm 
w ere  not re c o v e re d .
The d is tr ib u t io n s  of human and bovine sperm  on 
d iscontinuous g rad ien ts  a re  compared in F ig . 5.11, the num bers 
of sperm  counted in each band being e x p re ssed  as a p e rcen tage  of 
the number o r ig in a lly  applied to the g rad ien t.  From F ig . 5.11, it  
would appea r  that the g re a te s t  number of sperm , of both sp e c ie s ,  
p rec ip ita te d  through  the g rad ien t  during cen trifuga tion . In the 
case  of human spe rm , the low est band contained a much g r e a te r  
number of sperm  than e i th e r  of the th ree  upper  bands, while for 
bovine sperm , the two middle bands contained few er sperm than 
e i th e r  the u p p e r  or the low er band.
Human sperm  re c o v e re d  from the d iscontinuous su c ro se  
g rad ien t  w ere  s ta ined  with qu inacrine d ihydroch lo ride  and examined 
in u l t r a  v io le t light for the p re se n c e  of an F -body . These  r e s u l ts  
a re  shown in Table 5 .H  and it  may be seen  th a t ,  in six experim en ts , 
th e re  was no in c re a s e  in  the num bers of Y sperm  in the two 
upperm ost bands (Bands 1 and 2), in the g rad ie n t ,  compared to 
the c o n tro ls .  Also from Table 5.11, i t  m ay b e  seen  that the 
num bers of sperm  counted in these  two u p per  bands w ere  sometimes 
co n s id erab ly  low er than the num bers of sperm  examined in the 
c o n tro ls ,  making com parison  r a th e r  d ifficult. To t r y  to overcome 
th is ,  th re e  experim ents w ere  c a r r ie d  out using  a combination of 
two e ja c u la te s ,  but although some improvement was obtained, the 
r e s u l t  was not completely su c c e ss fu l ,  probably  because  most of 
the sperm continued to p rec ip ita te  through the g rad ie n t ,  during 
cen tr ifu g a tio n .
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Table 5.10 D istr ibu tion  of Bovine Sperm on a Discontinuous
S u c ro se  G rad ien t ,  a f te r  60 minutes at 12,000 g
Sperm Band 
Number
Volume
R ecovered
(ml)
Count p e r  ml 
(A verage of 4)
-----  - ----- ----
No. of Sperm 
R ecovered
1 0. 6 48.17 X 10® 28.9  X 10®
2 0 .6 28.55 X 10® 17.1 X 10®
3 0 .7 26.15 X 10® 18.3 X 10®
4 0 .9 28.37 X 10® 25 .5  X 10®
P re c ip i ta te 0 .3 376.67 X 10® 113.0 X 10®
Control 
(Re suspension  
a f te r  washing)
- 565.90  X 10® -
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F ig . 5.11 The d is tr ib u tio n  of human and bovine sperm  
on d iscontinuous su c ro se  g rad ie n ts .
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B ecause  both human and bovine sperm had behaved 
s im ila rly  on the g rad ien t  and sep a ra ted  into five p o p u la tion s , it  
was con s idered  poss ib le  that the sperm  might have been held back 
at the th re e  in te r fa c e s  betw een the su c ro se  solutions and at the 
sperm la y e r /g ra d ie n t  in te r fa c e .  If th is  w ere  t r u e ,  most sperm  
would p rec ip ita te  even tually , if centrifugation  w ere  continued for 
long enough. Evidence fo r th is  was obtained in an experim ent 
w here cen trifuga tion  was allowed to continue fo r 3 i  h o u rs ,  with 
photographs of the g rad ien t being taken a f te r  30 minutes and at 
subsequent ho urly  in te r v a l s .  The photographs showed th a t ,  as 
cen trifuga tion  continued, the u p p er  bands of sperm  in the g rad ien t  
became fa in te r ,  while the low est band and p rec ip ita te  in c re a se d  
in s iz e .  As a r e s u l t  of th is ,  the use  of a continuous su c ro se  
g rad ien t  was in v es tiga ted , to see if a population of sperm could 
be produced without the m echanical aid of in te r fa c e s .
(ii) Continuous System
The r e s u l t  of centrifuging  human sperm  on a continuous 
su c ro se  g rad ie n t ,  at 12,000 g , is  shown on F ig . 5.12. The 
washed sperm  formed a single band, in the reg ion  of the sperm 
la y e r /g ra d ie n t  in te r fa c e ,  and a p re c ip ita te .
The cen tr ifuga l fo rce  was reduced  to 5 ,000  g , in an 
attempt to p roduce a fu r th e r  sep ara tion  of sperm  and the r e s u l t  
is  shown in F i g . 5.13. The washed sperm  se p a ra te d  into two 
populations in the g ra d ie n t ,  and a p re c ip i ta te .  The upper  band 
lay  in the reg ion  of the sperm  l a y e r / g rad ien t in te r fa c e ,  while the 
low er band was wide and i l l -d e f in ed .
Sperm w ere  re c o v e re d  from both g r a d ie n t s , s ta ined with 
qu inacrine  d ihydroch lo ride  and examined for the p re se n c e  of an
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F ig . 5.12 Human sperm  cen trifuged  on a continuous 
su c ro se  g rad ien t  at 12,000 g.
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F ig ,  5.13 Human sperm  centrifuged on a continuous 
su c ro se  g rad ien t  at 5 ,000  g.
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F"body. The r e s u l t s  a re  shown on Table 5 .12, w here  it may be 
seen  tha t th e re  was no sign ifican t d ifference  (p = 0 .05 ) between
the num bers of Y sperm  re c o v e re d  from the bands o r  the 
p rec ip ita te  formed in the g rad ien ts  and the c o n tro ls .
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5 .6  MATERIALS AND METHODS
FOR METRIZAMIDE GRADIENTS
M e tr iz am id e , (Z -O -acetam ido  - 5-N - methyl ace tamido - 
2, 4-, 6 - t r i - io d o  - benzamido -)  - 2 deoxy - D - glucose) was 
supplied as  a white pow der, (N yegaard  and Co. L td . , Oslo, 
Norway).
5 .6 .1  P re p a ra t io n  of Sperm Diluent and M etrizam ide Solutions
As a diluent for sperm , ca lc ium -free  R in g e r ’s solution 
was p re p a re d ,  as  d e sc r ib e d  b e fo re .  M etrizam ide solutions of 
5%, 10%, 20%, 30%, 40%, 50%, 55%, 60% and 70% (w /v) concen­
tra t io n s  w ere  p re p a re d  in ca lc iu m -free  R in g er 's  solution. The 
specific  g rav ity  of each solution was m easured  d i re c t ly ,  by 
weighing, and i ts  r e f ra c t iv e  index was m easured  on an Abbe^ 60 
r e f r a c to m e te r .
5 .6 .2  P re p a ra t io n  of G rad ien ts
Two methods w ere  u se d ;
(i) A se lf -g e n e ra t in g  g rad ien t was p re p a re d ,  accord ing  to the
method of Rickwood, Hell and B irn ie  (1973). 5 .5  ml of a 40%
M etrizam ide  solution w ere  cen trifuged  at 4*^C fo r 48 h ou rs  at
161,000 g , in a swinging bucket aluminium SW65L r o to r ,  using  an 
L 2 -6 5 B  u l tra c e n t r i fu g e ,  (Beckman L td .) .
(ii) D ensity  g rad ien ts  of 5-5  ml volume w ere  p re p a re d  in a 
P e rsp e x  doub le-cham bered  g rad ien t m aker , s ta r tin g  with equal 
volumes of 5% and 55% M etrizam ide so lu tions . The g rad ien ts  w ere  
pumped, by a p e r i s ta l t ic  pump, into cellu lose  n i tra te  tubes and then 
centrifuged a t 4°C fo r 24 ho u rs  at 161,000 g.
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5 .6 .3  P re p a ra t io n  of Sperm and
Application to the G rad ien ts
At the beginning of each experim ent, 0 .5  ml human semen 
w as re ta in ed  from each  e ja cu la te ,  as experim ental con tro l .  Control 
and experim ental volumes w ere  diluted with equal volumes of 
ca lc ium -free  R in g e r 's  solution and washed th re e  t im es , at 4° G , 
fo r 10 minutes at 110 g. A fter the final w ashing, the experim ental 
sperm  w ere  re su sp e n d ed  to 0 .5  ml volume in ca lc ium -free  
R in g e r 's  solution and th is  suspens ion  was applied to the g rad ien t 
ca re fu l ly ,  using  a P a s te u r  p ipe tte .
One ml bovine semen was washed th re e  tim es in calcium - 
fre e  R in g e r 's ,  u n d e r  the same conditions as above. After the
final w ashing, the sperm  p e lle t  was r e  suspended in ca lc ium -free
R in g e r 's  solution to 0 .5  ml, and applied to the g rad ien t ,  using a 
P a s te u r  p ipe tte .
5 .6 .4  Conditions of Centrifugation
The g rad ien ts  w ere  c en tr ifu g e d , at 4^C for 30 minutes 
at 2 ,500  g in an SW65R swinging bucket r o t o r , using  the L2-65B 
u l t r a c e n t r i fu g e .
5 .6 .5  Examination and H arves ting  of G rad ien ts
At the end of cen tr ifuga tion , the g rad ien ts  w ere  examined 
aga inst darkground  illum ination, for the d is tr ibu tion  of sperm .
Blank g rad ien ts  w ere  h a rv e s te d  by downward d isp lacem ent,
a f te r  puncturing  the base  of the tube with a 21 gauge n e e d le ,
a ttached  to a p e r i s ta l t ic  pump. F ra c t io n s  of 0 .2 0  ml volume w ere  
c o l le c te d .
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H arves ting  of populations of sperm , v is ib le  within the 
g rad ie n t ,  was c a r r i e d  out as d e sc r ib e d  in the section  on su c ro se  
g r a d ie n ts .
5 .6 .6  R ecovery  of Sperm from H arv es ted  F ra c t io n s
F ra c t io n s  containing sperm  w ere  diluted with an equal 
volume of ca lc iu m -free  R in g e r 's  and c en tr ifu g e d , at 4^C, for 
20 minutes at 950 g . Each p e lle t  of sperm  was washed once m ore , 
then r e  suspended in fixative ( 3 : 1 ,  methanol : ace tic  acid) for 
2 0 - 3 0  m inutes , befo re  sm ears  w ere  p re p a re d  on clean  wet s l id e s ,  
and d r ied  rap id ly .
5 .6 .7  Experim ental Contro ls
Sperm used  as  experim ental con tro ls  w ere  fixed for 
20 - 30 m inutes in 3 : 1 ,  methanol : ace tic  ac id , and sm ears  w ere  
p re p a re d ,  as d e sc r ib e d  b e fo re .
5 .6 .8  F lu o re sc e n t  Staining of Human Sperm
The sm ears  w ere  s ta ined  for 5 - 6  minutes in 0.5% 
aqueous qu inacrine  d ihydroch lo ride  and mounted in w a te r ,  as 
d e sc r ib e d  b e fo re .  The s l id es  w ere  examined, immediately, in 
u l t r a  v io le t l igh t ,  as  b e fo re .
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5 .7  R E SU L T S FOR METRIZAMIDE GRADIENTS
5 . 7.1 O sm olarity , Specific G rav ity  and 
R efrac tiv e  Index of Solutions
The va lues  obtained for specific  g rav i ty ,  re f ra c t iv e  index 
and osm olarity  of M etrizam ide solutions a re  shown in Table 5.13, 
w here  it may be seen  th a t ,  with in c re a s in g  concen tra tion , the 
osm olarity  ro se  from 34-5 mOsmols fo r the 5% solution to 1,020 
mOsmols for the 70% solution. The osm olarit ie s  of all the 
M etrizam ide solutions w ere  g r e a te r  than the va lues  of 302 mOsmols, 
for human sem en, and 339 mOsmols, for bovine semen rep o r te d  
by Mann (1964-).
From  the va lues  shown in Table 5.13, the re la tio n sh ip  
between specific  g rav ity  and re f ra c t iv e  index for M etrizam ide 
solutions was determ ined and th is  i s  shown in F ig . 5.14. This 
re la t io n sh ip  was d i r e c t  and l in e a r ,  so tha t m easurem ent of the 
r e f ra c t iv e  index of any M etrizam ide solution prov ided  a rap id  
method of a s se s s in g  i t s  specific  g rav ity .
5 . 7 . 2  Surv ival of Sperm in M etrizam ide Solutions
(a) Human Sperm
Eight t e s t  tubes w ere  p re p a re d ,  each containing 1 ml of 
M etrizam ide solution of a p a r t ic u la r  concen tra tion . 0 .2  ml f r e s h  
human semen was added to each so lu tion , mixed gently  and lef t  to 
stand for two h o u rs .  A fter  th is  tim e, one drop  from each tube was 
p laced on a c lean  slide  and examined m ic ro sc o p ic a l ly . Survival 
of sperm  was a s s e s s e d  by the p re se n c e  o r  absence  of m otility .
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Table 5.13 Specific  G rav ity , R efrac tive  Index and
O sm olarity  of M etrizam ide Solutions
C oncentration  
of M etrizam ide 
Solution 
(w/v)
Specific
G rav ity
(gm/ml)
R efractive
Index
O sm olarity
(mOsmols)
5% 1.0094 1.341 345
10% 1.0433 1.348 400
20% 1.0888 1.363 425
30% 1.1400 1.376 480
40% 1.1966 1.392 575
50% 1.2533 1.408 690
60% 1.2933 1.422 810
70% 1.3700 1.437 1,020
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F ig . 5.14 The re la tio n sh ip  between specific  g rav ity  and 
r e f ra c t iv e  index of M etrizam ide so lu tions .
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(b) Bovine Sperm
The experim ent d e sc r ib e d  above was re p e a te d ,  using  
bovine semen.
The r e s u l t s  of both experim ents a re  shown in Table 5.14 
and i t  may be seen  tha t motile sperm  of both sp ec ie s  w ere  p re s e n t  
in solutions of up to 50% c o n c e n tra t io n , with the most v igorous 
p ro g re s s iv e  m otility  shown in the 5% solution. In the 60% and 
70% so lu t io n s , most of the sperm  w ere  im m otile , although 
o c ca s io n a l ly , an individual sperm  showed weak, n o n -p ro g re s s iv e  
m o til i ty .
5 .7*3  Examination of G rad ien ts  fo r L in e a r i ty
(i) Self - G enera ting  G rad ien ts
A fter cen trifuga tion  fo r  4-8 h ou rs  at 161,000 g , the 
g rad ien t  was h a rv e s te d  in 0 .2  ml frac tion s  and the re f ra c t iv e  
index of each one was m ea su re d .  These r e s u l ts  a re  shown in F ig . 
5.15 and it  may be seen  th a t ,  as the M etrizam ide re d is tr ib u te d  in 
the tube, during  cen tr ifu ga tio n , a sigmoid g rad ien t was form ed. 
Using F ig s .  5*14 and 5.15, the specific  g rav ity  range  of th is  
g rad ien t was found to be 1.089 -1 .4 3 2  grn /m l.
(ii) P re -F o rm e d  G rad ien ts
The p re -fo rm ed  g rad ien t  was centrifuged for 24 h o u rs  at 
161,000 g , then h a rv e s te d  in 0 .2  ml f rac tion s  and the re f ra c t iv e  
index of each frac tion  was m easu red .  These r e s u l ts  a re  shown in 
F ig , 5 .16, and it may be seen  tha t a re la t iv e ly  smooth l in e a r  
g rad ien t was form ed. From  F ig s .  5.14 and 5 .16, the specific  
g rav ity  ran g e  of th is  g rad ien t  was found to be 1 .0 16 -1 .40 4  gm /m l.
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Table 5.14 Surv ival of Sperm a f te r  Two Hours
in M etrizam ide Solutions
C oncentration  
of M etrizam ide 
Solution 
(w /v)
Human Sperm 
Survival
Bovine Sperm 
Survival
5% ++ + +
10% + +
20% +
30% + +
40% 4- +
50% H' +
60% « •-
70% - “
++ = v igo rously  motile 
+ = motile 
- = immotile
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5*15 A se lf -g e n e ra te d  M etrizam ide grad ien t,
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F ig . 5.16 A p re -fo rm ed  M etrizam ide g rad ien t.
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5 .7 .4  Examination of G rad ien ts  containing 
Sperm , a f te r  Centrifugation
(i) S e lf-G enera ting  G rad ien ts
Human sperm  w ere  applied to the g rad ien t and cen trifuged  
for 30 minutes at 2 ,500  g . A fter th is  tim e, the g rad ien t  was 
examined in in d ire c t  light and, as shown in F ig . 5.17, two 
populations w ere  v is ib le  In the g rad ien t.  These  two populations 
w ere  h a rv e s te d  and m icroscop ic  examination showed that each con­
ta ined  sperm  showing w eak, n o n -p ro g re s s iv e  m otility . The 
re f ra c t iv e  index of each band of sperm was m easured  and, from 
F i g . 5 . 14, the specific  g rav i ty  at which the sperm  had se ttled  in 
the g rad ien t  was estim ated .
The re f ra c t iv e  index va lues for the two sperm  bands w ere 
super-im posed  on the sigmoid g rad ien t shown in F ig . 5 .15, as 
shown in F i g . 5 - l8 ,  and it may be seen tha t the two sperm 
populations had se p a ra ted  in the steep p a r ts  of the sigmoid g rad ie n t ,  
at specific  g ra v i t ie s  of I . I I 6 gm/ml and 1.228 gm/ml. The two 
sperm  populations w ere  re c o v e re d  by cen tr ifuga tion , washed and 
s ta ined  with qu inacrine  d ih y d ro ch lo r id e . The sm ears  w ere  examined 
in u l t r a  v io le t light and the number of sperm  showing the p re sen c e  
of an F -body was noted . The r e s u l ts  of six  experim ents a re  
shown in Table 5 .15, and it  may be seen tha t th e re  was no s ig ­
n ificant d ifference  (p 0 ,05 )  between the num bers of Y sperm 
re c o v e re d  from the bands of sperm  in the g rad ien t and the c o n tro ls ,  
except fo r a s ign ifican t but small d e c re a se  in Y sperm  in the upper  
band of experim ent 5 , compared to the con tro l .
Human sperm  had se p a ra ted  into two populations on the 
sigmoid g rad ie n t ,  but no in c re a s e  in the num bers of Y sperm  had 
been observed  in e i th e r  population. Consequently, the behaviour
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F ig . 5 .1 7  Human sperm  cen trifuged  on a
se lf -g e n e ra te d  M etrizam ide g rad ien t .
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F ig .  5.18 The s i te s  of banding of human sperm on 
a se lf -g e n e ra t in g  M etrizam ide g rad ien t .
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of sperm on p re -fo rm ed  l in e a r  g rad ien ts  was examined.
(ii) P re -F o rm e d  G rad ien ts
Following cen trifuga tion  on th is  g rad ien t  for 30 minutes at 
2 ,500  g , human sperm  se p a ra ted  into two populations in the g rad ien t ,  
as  shown in  F ig . 5.19. T hese  sperm  populations w ere  h a rv e s te d  
and m icroscop ic  examination showed that most of the sperm p re s e n t  
w ere  immotile, although an occasional sperm  showed w eak , non­
p ro g re s s iv e  m otility . T h e re  w ere  no obvious d if fe rences  between 
the sperm  in the two b a n d s . R efrac tive  index m easurem ents  showed 
that the sperm bands lay  at specific  g rav it ie s  of 1.164 gm/ml and 
1.264 gm/ml.
The two sperm  populations w ere  re c o v e re d  by c e n t r i ­
fugation, washed and sta ined  with quinacrine  d ih y d ro ch lo r id e . The 
sperm  w ere  examined in u l t r a  v io le t  light and the  number of these  
showing the p re se n c e  of an F -body was noted. The re s u l ts  of 
four experim ents a re  shown in Table 5.16, and it  may be seen  th a t ,  
fo r  th ree  of these  experim en ts ,  th e re  was no significant d ifference  
(p = ]> 0 .0 5 )  between the num bers of Y sperm  in the sperm  bands 
and in the co n tro l .  H ow ever, in experim ent 3, th e re  was a 
s ign ifican tly  low er number of Y sperm  in the b a n d s , compared to 
the c o n tro l .
Human sperm , k illed  by imm ersion in liquid n itrogen  at 
-196^C for one m inute, w ere  centrifuged on a s im ila r  p re -fo rm ed  
g rad ien t.  The r e s u l t s  a re  shown in F ig . 5 .2 0  and it  may be seen  
tha t a single f lo ccu la r  band formed in the g rad ie n t ,  in c o n tra s t  with 
the two bands formed when living sperm  w ere  applied to the g rad ie n t ,  
( see  F ig . 5.19). R efrac tive  index m easurem ent showed that the 
f loccu la r  band had formed at a specific  g rav ity  of 1.234 gm/ml.
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F ig .  5 .1 9  Human sperm  centrifuged on a
p re -fo rm ed  M etrizam ide g rad ien t.
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F ig . 5 .2 0  Killed human sperm centrifuged on 
a p re -fo rm ed  M etrizam ide g rad ien t.
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As a com parison  with human sperm , washed bovine sperm  
w ere  applied to s im ila r  p re -fo rm ed  M etrizam ide g rad ien ts  and 
cen tr ifuged . Two populations of sperm  se p ara ted  in the g rad ie n t ,  
s im ila r to those obtained with human sperm , (see  F i g . 5.19).
When bovine sperm , k illed  by im m ersion in liquid n itrogen  fo r one 
m inute, w ere  cen trifuged  on the g rad ien t,  a s ingle  f lo ccu la r  band 
was formed in the g rad ie n t ,  s im ila r  to that obtained with killed  
human sperm , (see  F i g . 5 .20 ) .
It has  been shown that cen trifugation  of both washed human 
sperm  and washed bovine sperm  on p re -fo rm ed  M etrizam ide g rad ien ts  
p roduced a sep a ra tio n  of two populations of sperm . Examination of 
the two se p a ra ted  populations of human sperm  by f lu o rescen t 
s ta in ing showed l i t t le  ap paren t d ifference  in the num bers of Y 
sperm in the bands , com pared to the con tro ls  and, when killed  
sperm  of e i th e r  spec ies  w ere  centrifuged on the g rad ie n t ,  a single 
sperm  population formed in the g rad ien t.  This s ituation was sim ilar 
to the findings obtained when bovine sperm  w ere  centrifuged  on 
collo idal s i l ic a  g rad ie n ts  and, once again , the p o ss ib i l i ty  was con­
s id e red  that a se p a ra t io n  of living and dead o r  damaged sperm  might 
be taking p la c e ,  th is  time on M etrizam ide g rad ie n ts .
To inv es tiga te  th is  p o ss ib i l i ty ,  the method d e sc r ib e d  by 
Hancock (1952) for examination of the appearance  of the acrosom e 
in unsta ined  bovine sperm  was u se d ,  as d e sc r ib e d  p rev iou s ly . The 
r e s u l t s  of phase  c o n tra s t  examination of bovine sperm  re c o v e re d  
from the M etrizam ide g rad ien t  a re  shown in Table 5.17 and it  may 
be seen  tha t the h ighes t p e rcen tage  of dead sperm  (a s s e s s e d  by 
detachm ent of the acrosom e) o c c u rre d  in the low er sperm  band 
formed in the M etrizam ide g rad ie n t .
T hese  o b se rv a t io n s  on the acrosom es of unsta ined  sperm ,
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Table 5.17 P h ase  C o n tras t  Examination of U nstained
Bovine Sperm , R ecovered  from P re -F o rm e d
M etrizam ide  G rad ien ts
Sperm Population
Total No. 
of Sperm 
Counted
No. of Sperm 
Showing Detachment 
of Acrosome
%
Dead
Sperm
W ashed Sperm (Control) 200 124 62
Sperm from U pper Band 200 144 72
Sperm from Lower Band 200 176 88
W ashed Sperm , killed  
in Liquid N itrogen 
(Control)
208 192 9 2 .3
Sperm R ecovered  from 
F lo c cu la r  Band 202 182 90.1
131
u n d e r  phase c o n tra s t ,  w ere  c a r r ie d  out a lso  on the human sperm  
populations r e c o v e re d  from M etrizam ide g rad ien ts  and the 
ap p ea ran ces  of living and dead human sperm u n d e r  phase  c o n tra s t  
a re  shown in P la te s  5*5 and 5 .6 .  The d is tinc tion  between living 
and dead human sperm  by detachment of the ac ro so m e , proved to be 
much m ore d ifficu lt to determ ine  than for bovine sperm (see  P la te s
5.1 and 5 .2 ) .  The r e s u l t s  of phase c o n tra s t  examination of human 
sperm  populations re c o v e re d  from M etrizam ide g rad ien ts  a re  shown 
in Table 5.18 and it may be seen  that the h ighest pe rcen tage  of dead 
sperm  o c c u r re d  in the low er sperm  band formed in the g rad ien t.
The re s u l ts  obtained with human sperm  would appear  to ag re e  with 
those  obtained with bovine sperm  and lend support to the hypothesis  
tha t  a p a r t ia l  se p a ra t io n  of living and dead sperm  has  o c c u rre d  on 
the M etrizam ide g rad ien t.
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P la te  5 .5
Living Human Sperm 
examined under phase 
c o n tra s t  at x 1,000 
magnification
Ê
Pla te  5.6
Dead Human Sperm 
examined under phase 
c o n tra s t  at x 1,000 
magnification
T able  5.18 P hase  C o n tras t  Examination of U nstained 
Human Sperm , R ecovered  from P re -F o rm e d  
M etrizam ide G rad ien ts
Sperm Population
Total No. 
of Sperm 
Counted
No. of Sperm 
Showing Detachment 
of Acrosom e
%
Dead
Sperm
W ashed Sperm (Control) 200 30 15
Sperm from U pper Band 210 82 39 .0
Sperm from Lower Band 208 120 5 7 .6
W ashed Sperm , k illed  
in Liquid N itrogen  
(Control)
202 166 8 2 .2
Sperm R ecovered  from 
F lo c cu la r  Band 200 160 8 0 .0
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5 .8  DISCUSSION
When using  the technique of density  g rad ien t  s e p a ra t io n ,  
it  i s  d e s i ra b le  to know the expected density  range  of the ce l ls  o r  
p a r t ic le s  to be se p a ra te d ,  so tha t a su itab le  g rad ien t  may be con­
s t ru c te d .  H arvey  (1946) re p o r te d  that the average  specific  g rav ity  
of human sperm was 1.0715 gm /m l, but gave no va lues for the 
specific  g rav ity  range  of human sperm , w hereas  O resn ik  (1969) 
found the specific  g rav i ty  range  of bovine sperm to be I.O83 - 
1.102 gm/ml. This d iffe rence  in the specific  g ra v i t ie s  of bovine 
and human sperm  may p e rh ap s  be a ttr ibu ted  to the g r e a te r  number 
of chrom osomes p r e s e n t ,  th e re  being 60 in ca ttle  compared to 46 
in man, and to the g r e a te r  s ize  of the bovine sperm  head , which is
9 .2  y/m long (O rtav an t,  Courot and H ochereau , 1969), compared 
with the averag e  4.6y(/m head length of human sperm  (M onesi, 1972). 
From  the p re lim in a ry  r e s u l t s  re p o r te d  in th is  th e s i s ,  i t  would seem 
tha t the specific  g rav i ty  range  of the colloidal s i l ic a  g rad ien ts  u sed  
( 1 .0 1 -1.17 gm/ml) was su itab le  fo r  the separa tion  of sperm of both 
s p e c i e s .
When human sperm  w ere  centrifuged on the colloidal s i l ic a  
g ra d ie n t , a single wide f loccu la r  band of sperm  formed in the middle 
of the g rad ien t ,  a t a specific  g rav i ty  of I.O8 gm /m l, (see  F ig .  5 .3 ) ,  
w h e reas  bovine sperm  se p a ra te d  into two, o r  in one c a se ,  th re e  
bands in the g rad ie n t ,  ( see  F i g . 5 .4 ) .  Even when the fo rce  and 
time of cen trifuga tion  w ere  red u c ed , no fu r th e r  sep a ra tio n  of human 
sperm  o c c u r re d .  T h e re  could be sev e ra l  explanations fo r th is  
d ifference  in the behaviour of human and bovine sperm  on the g rad ie n t ,  
one p o ss ib i l i ty  being the v iscous  na tu re  of human seminal p lasm a. In 
the bu ll, the e jacu la te  rem ains  liqu id , but human semen a p p ea rs  to be
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"clo tted" immediately a f te r  e jacu la tion . T his clotting of human 
semen is  thought to be produced  by the action of a clotting enzyme, 
se c re te d  by the p ro s ta te ,  on a f ib rinogen-like  p ro te in  produced 
by the seminal v e s ic le s ,  with the formation of a f ib r in - l ik e  c lo t. 
Spontaneous liquefac tion  tak es  p lace  when a p lasm in-like  enzyme 
h as  formed from an inac tive  p r e c u r s o r ,  a lso  of p ro  s ta tic  o r ig in , 
and ly se s  the c lo t.  A th ird  s ta te  in th is  p ro c e s s  involves fu r th e r  
p ro teo ly s is  of the lysed  f ib r in ,  with the formation of f ree  amino 
ac ids  and ammonia, (Mann, 1964). The liquefaction of semen o ccu rs  
approxim ately  20 m inutes a f te r  e jacu la tion , although the exac t time 
may v a ry  with the e ja cu la te .  In these  experim en ts , the examination 
of f r e s h  human semen was delayed  until a f te r  liquefaction  had o c c u r re d ,  
so it would seem un like ly  that the phenomenon of gelation was in ­
volved in the fa i lu re  of human sperm  to se p a ra te  on colloidal s i l ic a  
g ra d ie n ts .  A m ore l ik e ly  re a so n  for th is  fa i lu re  may have been the 
high m ucoprotein  content of human seminal p la sm a , compared to that 
of the bovine. Attempts w ere  made to remove th is  mucinous seminal 
plasma from human sperm  by w ashing , before  the sperm w ere applied 
to the g rad ien t.  A fter th re e  w a sh e s ,  the sperm  resu spend ed  re a d i ly  
in 0 , 93  B a k e r 's  medium and it  appeared  that most of the mucinous 
m a te r ia l  had been rem oved. N e v e r th e le s s ,  a f te r  cen trifuga tion  on 
colloidal s i l ic a ,  exac tly  the same wide f loccu la r  band of sperm  was 
formed in the g rad ie n t .  This would tend to suggest tha t the p re sen c e  
of seminal p lasm a was not the sole re a so n  for human sperm forming 
a single band in the g rad ie n t .
The lack  of sep a ra t io n  of human sperm on colloidal s i l ic a  
g rad ien ts  may be re la te d  to specific  g rav ity . The specific  g rav ity  
range  of human sperm  may tu rn  out to be n a r ro w e r  than tha t re p o r te d  
fo r the bovine by O resn ik  (1969), although no information on th is
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point is  availab le  to d a te .  If indeed th is  w ere  so , a b e t te r  
sep a ra t io n  of human sperm  might pe rhap s  have been achieved using  
a g rad ien t of n a r ro w e r  ra n g e .
B ecause  human and bovine sperm have been shown to 
behave d iffe ren tly  on collo idal s i l ic a  g ra d ie n ts ,  the p o ss ib il i ty  that 
the sperm of th ese  two sp ec ie s  might differ in su rface  p ro p e r t ie s  
should be co n s id e red .  H ow ever, in subsequent d ens ity  g rad ien t 
se p a ra t io n s  us ing  su c ro se  .and M etrizam ide re p o r te d  in th is  th e s i s ,  
human and bovine sperm  ap pea red  to behave s im ila r ly ,  so tha t th is  
p o ss ib il i ty  would seem to be rem ote , u n less  the su rface  p ro p e r t ie s  
of sperm  w ere  influenced somehow by the n a tu re  of the g rad ien t 
medium. This should p e rh ap s  be borne in mind when human sperm  
a re  u sed  in pilot sep a ra t io n  exp erim en ts , in the expectation  that 
bovine sperm  will behave in the same way.
As mentioned e a r l i e r ,  the m ajo rity  of the sam ples of 
bovine sperm  examined se p a ra ted  into two bands on the colloidal 
s i l ic a  g rad ien t ,  although sperm  from one bu ll,  whose e jacu la te  con­
ta ined  a high p e rcen tag e  of decap ita ted  sperm , se p a ra ted  into th re e  
bands on the g rad ie n t .  In th is  c a s e ,  the low er band contained 
mainly detached sperm  h e a d s ,  the middle band consis ted  of sperm  
with heads and ta i ls  a ttached and the upper band consis ted  m ainly 
of f re e  sperm  ta i l  - m id p ie c e s . The separa tio n  of bovine sperm  on 
colloidal s i l ic a  g rad ien ts  appeared  to be isopycn ic ,  since with in ­
c re a s e d  time of cen tr ifuga tion , no change in the position  of the 
sperm  bands in the g rad ien t  was p roduced . T h e re fo re ,  it would 
appear  tha t the bovine e ja cu la te s  contained two populations of sperm , 
d iffering  in specific  g rav i ty .  This was s u rp r is in g ,  because  p rev ious 
m icroscop ic  examination of bovine semen had shown tha t the sperm
136
w ere  rem arkab ly  uniform in appearance  and in s iz e ,  compared to 
the d iv e rs i ty  in appearance  of human sperm .
A poss ib le  explanation fo r the division of bovine sperm  
into two populations on the colloidal s i l ica  g rad ien t  could be that 
a sep ara tion  of living and dead ce lls  had taken p lace . Benedict 
et a l . (1967) re p o r te d  that dead bovine sperm showed an in c re a se d  
perm eab ility  and abso rbed  surrounding  g rad ien t m edia, with a 
consequent in c re a s e  in th e i r  specific  g rav ity . The low er band 
of bovine sperm  in the colloidal s i l ic a  g rad ien ts  might have con­
tained a g re a te r  number of dead o r  dying sperm  and to investiga te  
th is ,  n ig ro s in /e o s in  staining was c a r r ie d  out on sperm  re c o v e re d  
from the g rad ien t .  N ig ro s in /e o s in  staining has been d e sc r ib e d  
by Campbell et a l . (1953), as a method of d ifferen tia ting  between 
living and dead bovine sperm . The in c re a se d  perm eab ility  of dead 
sperm  allows the e n try  of eo s in ,  so that dead sperm a re  stained 
pink against the d a rk  blue background of n ig ro s in ,  while living sperm  
rem ain  u n s ta in ed . H ow ever, one draw back to th is  method is  that 
sperm  in the p ro c e s s  of dying may e ith e r  fail to s ta in  o r  s ta in  only 
p a r t ia l ly ,  so that they may not be recogn ised  as  dying c e l l s .  F o r  
th is  r e a s o n ,  the m ore soph istica ted  technique of identifying dead 
sperm  by detachment of the acrosom e (Hancock, 1952) was also  u sed  
to examine sperm  re c o v e re d  from colloidal s i l ic a  g rad ie n ts .  N e v e r ­
th e le s s ,  i t  may be seen  from the r e s u l ts  that the question of w hether 
living and dead bovine sperm had separa ted  on colloidal s i l ic a  
g rad ien ts  was not answ ered  c le a r ly  by e i th e r  of these  techn iques . 
F u r th e r  investiga tion  of th is  problem  might have included an exam in­
ation of the uptake of ra d io -a c t iv e ly  labelled  glucose by sperm 
re c o v e re d  from the g ra d ie n ts ,  according  to the method of Van d e r  
H o rs t ,  (cited by P e r e r a ,  1975). Living sperm  would m etabolise
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th is  g lucose to lac t ic  ac id , which could be re c o v e re d  and examined 
fo r r a d io a c t iv i ty , while in the p re se n c e  of dead sperm , the glucose 
would rem ain  unchang ed .
Another p o ss ib i l i ty  is  tha t a sep a ra tio n  of sperm  accord ing  
to age had o c c u rre d  on the colloidal s i l ica  g rad ien t.  Lindahl and 
Kihlstrdm  (1952) and Lavon, Volcani, Amir and Danon (1966) 
r e p o r te d  that the specific  g rav ity  of bovine sperm  in c re a se d  during  
the m aturation  p r o c e s s .  T h e re fo re ,  i t  seemed p oss ib le  that a 
sep ara tion  of e i th e r  immature and m ature sperm  o r  m ature  and aged 
sperm  might have taken place on the g rad ien t.  Immature sperm , 
c h a ra c te r is e d  by the p re se n c e  of a cytoplasmic d ro p le t  a ttached at 
some point along the length of the sperm t a i l , a re  re ta in ed  in the 
epididymis and a re  not norm ally  p re se n t  in the e jacu la te .  How ever, 
they  may appear  in the e jacu la te  when the bull is  u sed  rep e a te d ly ,  
to the point of exhaustion  although fo r th is  r e a s o n ,  it would seem 
unlike ly  tha t any immature sperm  w ere  p re se n t  in the e jacu la te s  u sed  
in these  experim en ts . On the o ther  hand, a sep a ra t io n  of m ature  and 
aged sperm might have o c c u r re d ,  but un fo rtuna te ly , it  would seem 
to be im possib le , as y e t ,  to d is tingu ish  aged from m ature  sperm , by 
examination under  the light m ic ro sco pe . If, at some fu ture  d a te ,  a 
method of d iffe ren tia ting  m ature  and aged sperm  does become 
ava ilab le ,  fu r th e r  inves tiga tion  of the separa tion  of bovine sperm 
on colloidal s i l ic a  g rad ien ts  might be w a rra n te d .
The most se r io u s  d isadvantage of using colloidal s i l ic a  was 
tha t it  could not be removed from sperm h a rv e s te d  from the g ra d ie n ts ,  
even by rep ea ted  w ashing . When n ig ro s in /e o s in  s ta ined  sm ears  of 
bovine sperm  w ere  exam ined, la rg e  flakes of colloidal s i l ic a  w ere  
ob served  on the s l id e s .  Colloidal s i l ica  was p re s e n t  a lso  in the 
p re p a ra t io n s  of human sperm , even a fte r  rep ea ted  washing and,
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when th ese  w ere  sta ined  with qu inacrine  d ihydro ch lo r ide , the 
b righ t f lu o rescen ce  of the collo idal s i l ica  in u l t r a  v io le t  l ight 
p reven ted  the examination of the sperm  head fo r the p re se n c e  of an 
F -bo dy . This meant that no technique was availab le  to monitor any 
change in the ra t io  of X- and Y -bearing  sperm . F o r  th is  re a so n  
and because  of the lack  of sep a ra t io n  of human spe rm , no fu r th e r  
inves tiga tions  w ere  conducted using  colloidal s i l ic a  g rad ie n ts .
At th is  tim e, Rohde et a l . (1975) re p o r te d  the success fu l  
f lu o resc en t  sta ining of human sperm  rec o v e re d  from discontinuous 
su c ro se  g ra d ie n ts ,  and it  was fe lt  that an investiga tion  of th e ir  
separa tio n  technique would p rove  w orthw h ile , even though B enedict 
et a l . (1967) had shown tha t the high osmotic p r e s s u r e  of su c ro se  
g rad ien ts  was le thal to ra b b i t  and bovine sperm . It was app rec ia ted  
at the ou tse t tha t the osmotic p r e s s u r e  of the su c ro se  g rad ien t was 
like ly  to be le thal to human s p e rm , but i t  was hoped that i f  s im ila r  
r e s u l t s  to those  of Rohde e t a l . (1975) could be achieved , a s e a rc h  
for a more su itab le  g rad ien t  medium might then be m ad e , in an 
attempt to re c o v e r  living sperm .
The experim ents d e sc r ib e d  in th is  th e s is  showed that human 
and bovine sperm  behaved s im ila r ly  on the discontinuous su c ro se  
g rad ien t  and appea red  to s e p a ra te  at the in te r fa c e s  in the g rad ien t.  
R ecovery  of sperm  from the upper bands was p o o r ,  m ainly because  
of the low num bers of sperm  re ta in ed  h e r e , as  m ost of them had 
p rec ip ita te d  to the bottom of the tube , (see  F i g . 5.11). It i s  
p robable  that the sperm , k illed  by the high osmotic p r e s s u r e  of the 
su c ro se  so lu t io n s , abso rbed  some of the g rad ien t medium, with con­
sequent in c re a s e  in specific  g rav i ty .  When cen tr ifuged , only small 
num bers of sperm  w ere  held back at the in te r f a c e s ,  with m ost of the
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sperm, p rec ip ita ting  through the g rad ien t .  H ow ever, c o n tra ry  to 
the r e s u l ts  of Rohde et a l . (1975), th e re  was no significant 
in c re a s e  in the num bers of Y sperm  in the two upperm ost bands in 
the g rad ie n t .  Indeed, in all the c a se s  shown in Table 5.11, few er 
Y sperm  w ere  r e c o v e re d  from the four bands in the g rad ie n t ,  com­
p a red  to the c o n tro ls .  This d e c re a se  in the num bers of Y sperm  
was sm all, even though significant in some c a s e s .  L ogically , the 
next step  would have been to apply the sep ara tion  technique to the 
sperm  of a la b o ra to ry  an im al, with insemination of the se p a ra ted  
sperm  and sexing of the o ffsp ring , to see if  a r e a l  change in the 
ra t io  of X and Y sperm  had been p roduced , but because  the sperm 
re c o v e re d  from the su c ro se  g rad ien ts  w ere  dead , no opportunity  to 
do th is  was ava ilab le .
To t r y  to improve sperm  re c o v e ry  from the upper  bands in 
the g rad ie n t ,  redu c tions  in the time and fo rce  of centrifugation  might 
have been examined, but th is  was not c a r r ie d  out in the p re s e n t  
s e r ie s  of experim en ts ,  the re a so n  being that the su c ro se  g rad ien ts  
w ere  le thal to sperm . P re l im in a ry  experim ents using continuous 
su c ro se  g rad ien ts  w ere  a lso  c a r r ie d  out, to see  if  sep a ra tio n  of 
sperm  could be produced without the m echanical aid of in te r fa c e s ,  
but although sep a ra t io n  did take p lac e ,  th e re  w as no indication  of a 
s ignificant change in the ra t io  of X and Y sperm  in the sep a ra ted  
po pu la tio ns .
The study of dens ity  g rad ien t  sep a ra t io n s  of sperm  continued 
with an investiga tion  of the u se  of M etrizam ide as  a density  g rad ien t  
medium. Solutions of M etrizam ide have a much low er osmotic 
p r e s s u re  than su c ro se  solutions of co rrespond ing  dens ity  and p r e ­
lim inary  experim ents showed that both human and bovine sperm  could
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surv ive in all but the m ost concen tra ted  M etrizam ide so lu tions . 
F u r th e r  s tud ies  using  the sigmoid M etrizam ide g rad ien t  showed 
that human sperm  tended to co llec t in the two steep  a re a s  of the 
g rad ie n t ,  w here  th e re  was a la rg e  density  span over a few frac t io n s  
of the g rad ien t.  Shortman (1972) has pointed out that ce l ls  o r  
p a r t ic le s  may se p a ra te  a r t i fac tu a l ly  in such reg io ns  of a g rad ien t.  
Human sperm  w ere  re c o v e re d  from these  g rad ien ts  and stained with 
qu inacrine  d ih y d ro ch lo r id e , but no consis ten t significant change in 
the ra t io  of X and Y sperm  was shown in the se p a ra ted  populations, 
in the small number of experim ents c a r r ie d  out.
The u se  of a p reform ed M etrizam ide g rad ien t  was examined 
also  and th is g rad ien t  was found to sep a ra te  both human and bovine 
sperm  into two main p o p u la tio n s . How ever, quinacrine  staining of 
human sperm h a rv e s te d  from th is  g rad ien t showed that no consis ten t 
s ignificant change in the ra t io  of X and Y sperm  was p roduced . As 
before  with collo idal s i l ic a  g ra d ie n ts ,  the po ss ib il i ty  a ro se  that 
th is  sep ara tion  of sperm  on M etrizam ide g rad ien ts  o c c u rre d  between 
living and dead o r  damaged c e l ls .  This p o ss ib il i ty  was s trengthened  
when it  was found that sperm  k illed  by imm ersion in liquid n itrogen  
formed only one band in the g rad ien t .  In o rd e r  to examine th is  
fu r th e r ,  n ig ro s in /e o s in  staining of sperm re c o v e re d  from M e t r i ­
zamide g rad ien ts  might have been c a r r ie d  out, but because  of the 
d ifficu lties  with th is  method outlined before  ( e .g .  p a r t ia l  staining 
of sperm ), it was decided to u se  the technique of examining sperm 
for detachment of the acro som e , as d e sc r ib e d  by Hancock (1952). 
The appea rance  of the acrosom e in living and dead bovine sperm  has 
been well documented by Hancock (1952) and the technique fo r 
examining the acrosom e proved to be re la t iv e ly  s tra igh tfo rw ard
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when u se d  in the p re s e n t  s e r i e s  of ex perim en ts . H ow ever, the 
appearance  of the acrosom e in living and dead human sperm does 
not seem to have been re p o r te d  p rev ious ly  and proved  to be more 
difficult to exam ine, (see  P la te s  5 .5  and 5 .6 ) ,  as separa tion  of 
the acrosom e from the sperm  was much le s s  obvious than in bovine 
sperm . This d iffe rence  betw een human and bovine sperm  might be 
explained by d iffe ren ces  in th e i r  s t ru c tu re .  In the living bovine 
sperm , the acrosom e fits  v e ry  c lose ly  to the sperm  head (see  P la te  
5 . 7) and, when death  of the sperm  o c c u rs ,  shrinkage of the a c r o ­
some away from the sperm  c au se s  a gap to be le f t  between it and the 
sperm head. On the o th er  hand, in the living human sperm , the 
acrosom e a p p ea rs  to be le s s  c lo se ly  applied to the sperm  head 
(Aughey, 1976), as  shown in P la te  5 .8 ,  so that when death of the 
sperm o c c u rs ,  any shrinkage  of the acrosom e away from the sperm 
head may pe rh ap s  be l e s s  n o ticeab le .
The separa tio n  of sperm  into bands on density  g rad ien ts  
is  in triguing  and no re a l  explanation of what these  bands r e p re s e n t  
has  been forthcoming from the p re se n t  experim en ts , although some 
sep ara tion  of living and dead sperm  in an e jacu la te  may be taking 
p lace . F u r th e r  investiga tion  of th is  separa tion  may be w a rran ted  in 
the fu tu r e , as new techniques of examining sperm  become ava ilab le . 
No significant change in the ra t io  of X and Y sperm  has been 
produced in these  dens ity  g rad ien t  sep a ra tio n s  and it  is  considered  
to be ex trem ely  un like ly  tha t a complete separa tio n  of X and Y sperm  
will be achieved using  th is  techn ique , because  the calcu la ted  d i f fe r ­
ence in the specific  g rav ity  of X and Y sperm  is  ex trem ely  sm all. 
How ever, the p o ss ib i l i ty  that some p a rt ia l  deg ree  of separa tio n  of 
X and Y sperm  might be achieved using  a density  g rad ien t technique 
should not be ru led  o u t .
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Plate 5*7 E lectron  M icrograph of Bovine Sperm 
stained with Uninyl Acetate and Lead 
Citrate at x 2 5 ,0 0 0  magnification
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Plate 5 .8  E lectron  M icrograph of Human Sperm 
stained with Hmnyl Acetate and Lead 
Citrate at x 2 5 ,0 0 0  magnification
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CHAPTER SIX
THE SEPARATION OF HUMAN SPERM 
USING SEPHADEX G-50
6.1 INTRODUCTION
Gel chrom atography is  a w e ll- reco g n ised  means of 
separa ting  p a r t ic le s  which d iffer  in s ize .  The tool for obtaining 
the separa tio n  is  a chrom atographic  bed, consis ting  of minute gel 
p a r t i c le s ,  swollen in an aqueous solution and packed into a column. 
When a m ixture of p a r t ic le s  d iffering  in size is  p laced  on the 
chrom atographic  column, the p a r t ic le s  se p a ra te  by th e i r  d ifferen t 
r a t e s  of flow through the column; la rg e  p a r t ic le s  p a ss  between the 
beads of chrom atographic  m ate r ia l  and emerge f i r s t ,  while sm aller 
p a r t ic le s  p en e tra te  the gel beads and a re  re ta in e d .  The technique 
of gel chrom atography has  been u sed  ex tensively  ( F i s c h e r ,  I969) 
and some applica tions include enzyme and antibody p u r if ica t io n s , 
the separa tion  and pu rif ica tio n  of peptide and p ro te in  horm ones, to 
determ ination  of m olecu lar w e igh ts , (e sp ec ia l ly  of p r o te in s ) , and 
the rem oval of a l le rg e n s  from pharm aceutical p r e p a ra t io n s , but i ts  
most re c e n t  u se  has been for the separa tion  of c e l ls .
Ly and M ishell (1974) rep o r te d  that the p assag e  of mouse 
spleen ce lls  through a column of Sephadex G-10 x^esuited in the 
se lec tive  re ten tio n  of antibody-form ing c e l ls ,  while Schw arz, 
B ianco, H andw erger and Kahn (1975) u sed  a s im ila r column of
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Sephadex G-10 to se p a ra te  lymphocytes and m onocy tes . The 
sep ara tion  of ce l ls  using  Sephadex would not appear  to be based  
on d if fe rences  in ce ll s iz e ,  since  the Sephadex p a r t ic le s  u sed  w ere  
too small to perm it the e n try  of ce lls  and th e re fo re ,  ano ther ex ­
planation has been sought. Rabinowitz (1964) u sed  g lass  beads to 
se p a ra te  lymphocytes and monocytes and found that the monocytes 
adhered  p re fe re n t ia l ly  to the g la s s  b ead s . Ly and M ishell (1974) 
have suggested  that a s im ila r  mechanism may account fo r the 
sep a ra tio n  of ce lls  on Sephadex, with some ce lls  adhering more 
re a d i ly  to the Sephadex p a r t ic le s  and being re ta in ed  in the column.
The u se  of Sephadex fo r the sep a ra t io n  of sperm was 
re p o r te d  re c e n t ly  by Steeno and Adimoelja (1975a) and by S te en o , 
Adimoelja and Steeno (1975b). T hese  au tho rs  d e sc r ib e d  the 
sep ara tion  of human X- and Y -bearing  sperm  on columns of 
Sephadex G-50 fine g rade  and claimed that Y sperm (identified by 
quinacrine  staining) w ere  re ta in ed  in the Sephadex column, while 
most of the X sperm  p a sse d  through the gel. Using th is  technique , 
they  found that an almost pu re  frac tion  of X sperm could be iso la te d ,  
with only 4 - 5% Y sperm  p ass ing  through the ge l.  In view of th is  
re p o r te d  s u c c e s s ,  it  was decided that fu r th e r  investiga tion  of th is  
sep a ra t io n  method was w a r ra n te d .
144
6 .2  M ATERIALS AND METHODS
6 .2 .1  P re p a ra t io n  of the Sephadex Gel
Sephadex G-50 is  a po lysaccharide  ge l, supplied in  bead 
form (P h arm ac ia  L td . , U ppsa la ,  Sweden). 1 gm of Sephadex G -50, 
fine g rad e ,  was mixed with 50 ml L ocke 's  flu id , pH 8 .4 ,  and lef t  
to sw ell, a t room te m p e ra tu re ,  for a minimum time of 4 h o u rs .  
T hen , when the gel had se t t led ,  the sup erna tan t was removed 
and the gel was re su sp e n d ed  in excess  f re s h  L ocke 's  fluid. This 
decanting p ro ce d u re  w as rep e a te d  tw ice m o r e , to remove fine 
p a r t i c l e s ,  which did not sedim ent, then the superna tan t was r e ­
moved until the volume of liquid rem aining was approxim ately  half 
tha t of the sedimented ge l. Gel and liquid w ere  mixed gently  to 
form a s lu r ry .
6 .2 .2  P re p a ra t io n  of the Chrom atographic Column
'A t r a n s p a re n t  a c ry l ic  column, 0 .9  cm x 15 cm (Type 1(9/15, 
Pha rm ac ia  L td . ) ,  was clamped in a v e r t ic a l  position . At i ts  low er 
end, the column was c losed  with an e n d -p iece , holding a nylon bed 
support,  and a ttached  to a p e r i s ta l t ic  pump (L K B -P ro d u k te r , 
Bromma 1, Sweden). At the top end of the column was a r e s e r v o i r  
(Type R 9 , Pharm ac ia  L td .) .
In itia lly , the tubing below the nylon bed support (the dead 
space) and the column, to a depth of 1 cm, w ere  filled  with L ocke 's  
flu id , to remove a i r  bubb les . The gel s lu r ry  was poured  into the 
column down a g la s s  ro d .  The upper p a r t  of the s lu r r y  was s t i r r e d ,  
to remove a i r  bubb les , and the gel was allowed to se ttle  for 5 
m inutes before  the flow of fluid through the column was s ta r te d  a t a
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r a te  of approxim ately  14 m l/h o u r .  The r e s e r v o i r  was filled with 
L ock e 's  fluid and connected to a M ario tte  f lask , a lso  containing 
L ocke 's  fluid. The Sephadex was allowed to pack until the gel 
su rface  became s ta t io n a ry  and a column 12 cm long had form ed.
6 . 2 .3  Application of Human Semen to the Column
Human semen was w ashed th re e  times in e x cess  L o ck e’s 
fluid and cen trifuged  a t 4°C for 10 minutes at 110 g . A fter the 
th ird  w ash , the supe rna tan t  was rem oved and the sperm w ere  r e ­
suspended in L o ck e 's  fluid to 1 ml volume.
0 .5  ml of e i th e r  th is  sperm  suspension  o r  unwashed semen 
was applied to the Sephadex column, using a P a s te u r  p ipe tte ,  with 
c a re  being taken  not to d is tu rb  the su rface  of the ge l.  The sperm  
w ere  e lu ted  into the column with small volumes of L ocke 's  fluid, 
then the flow of e luant was s ta r te d  and the sperm allowed to p a ss  
through  the column. Fluid emerging from the column was co llec ted  
autom atically  in 1 ml f ra c t io n s .  A fter  fifteen 1 ml f rac t io n s  had 
been h a rv e s te d ,  the  flow of eluant was stopped.
6 . 2 .4  R ecovery  of Sperm from H arves ted  F ra c t io n s
F ra c t io n s  containing sperm  w ere centrifuged at 4^C for 
20 minutes at 950 g . The supernatan t w ere  d isc a rd e d  and each 
cell deposit was resu sp en d ed  in a few drops of fixative ( 3 : 1 ,  
methanol : ace tic  acid) to produce  a milky suspension . The s u s ­
pensions w ere  allowed to stand for 2 0 - 3 0  m inutes, then sm ears  
w ere  p re p a re d  on c lean , wet s lides  and d r ied  rap id ly .
146
6 .2 .5  R ecovery  of Sperm from the Sephadex Column
The Sephadex column was inverted  and the gel allowed to 
slide into a la rg e  te s t  tube . The Sephadex was mixed with L ocke 's  
fluid and allowed to se ttle  for 10 m inutes, before  the superna tan t 
was rem oved with a P a s te u r  p ipe tte .  Gel p a r t ic le s  w ere allowed 
to se ttle  from th is  su p erna tan t  in a second te s t  tube and the c le a r  
supernatan t was r e c o v e re d .
The two supe rna tan ts  (which formed a fifth la rg e  sperm 
frac tion) w ere  combined and centrifuged  at 4-^C for 20 m inutes at 
950 g , and the cell  deposit was r e  suspended in f ixa tive , as d e s ­
c ribed  b e fo r e . A fter 2 0 -  30 m inutes, sm ears  w ere  p re p a re d  on 
c le an ,  wet s l id es  and d r ied  rap id ly .
6 .2 .6  E xperim ental C ontro ls
The rem aining volume of u n trea ted  e jacu la te  o r  of washed 
sperm  suspension  was cen tr ifuged , to re c o v e r  sperm , which w ere  
fixed for 2 0 -  30 m inutes . Sm ears of fixed sperm  w ere  p re p a re d  as 
d e sc r ib e d  be fo re .
6 .2 .7  F lu o re sc e n t  Staining of Sperm
All sm ears  w ere  s ta ined  for 5 - 6  m inutes , in 0.5% aqueous 
qu inacrine  d ihydroch lo ride  solution, followed by b r ie f  r in s e s  in 
running tap w a te r  and in d is t i l led  w a te r .  The sm ears  w ere  mounted, 
as  d e sc r ib e d  b e fo re ,  coded and examined "b lind", u n der  the m ic ro ­
scopic conditions d e sc r ib e d  b e fo re ,  and the p roportion  of sperm  
c a r ry in g  a f lu o rescen t  body was noted.
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6 .3  RESULTS
6 .3-1  Determ ination of the C h a ra c te r is t ic s  of the Column
B efore  the column was u sed  for the separa tion  of sperm , 
its  c h a r a c te r i s t i c s  w ere  examined by pass ing  a solution of 0.3% 
(w /v) Blue D extran  2 ,0 0 0 , (Pharm ac ia  L td .) ,  containing 0.1%
(w /v) tryptophan through the ge l. Approximately 0 .3  ml of th is  
solution was applied to the su rface  of the gel and eluted into the 
column with L ocke 's  fluid . The liquid emerging from the column 
was pumped through an u l t r a  v io le t absorp tiom ete r  (Uvicord II, 
L K B -P ro duk te r)  and co llec ted  in 1 ml f ra c t io n s .
The Blue D extran  was seen to move g radua lly  down the 
Sephadex column as a n a rro w  coloured  zo n e , which showed that the 
column was packed evenly . The optical density  of each frac tio n  
h a rv e s te d  was m easu red  and these  re s u l ts  a re  shown in F ig . 6 .1 , 
w here it may be seen  from the two peaks of optical density  that the 
gel had sep a ra ted  the two components of the te s t  sam ple. Blue 
D ex tran , with a m olecu lar weight of 2 m illion, was excluded from 
en tering  the gel beads and em erged from the column f i r s t ,  between 
frac tion s  5 and 10. From  the elution volume of Blue D ex tran , the 
void volume of the chrom atographic  bed ( i . e .  the volume of liquid 
in the in te r s t i t ia l  space between the beads of Sephadex) was found 
to be 6 m is . The second component of the te s t  sam ple, tryp tophan , 
with a m olecular weight of 204, p en e tra ted  into the gel beads and 
p assed  m ore slowly through the column, to emerge between frac tio n s  
13 and 18.
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F ig . 6.1 The sep a ra t io n  of Blue D extran  2 ,000  and 
T ryptophan on a column of Sephadex G-50 .
c
o_c
Q .
O
a
X ’
■“O'-.
c
o
k-
X
<D
Û
(Ü3
CQ
1/
"Xa.,
\
1
4I
4I
CVJ
(U
7 2 ^
>°ï
1
0 i
V " 0
1 1 1 1
00 r“- CD If)
0 0 0 0 Ô Ô
CM
Ô
O
CM
O
>
(D
_Q
Ê
3
z
c
o
u
o
k.
UL.
to
o
X | j S U 0 Q  | D D I 4 c1q
6 .3 .2  S ep ara tio n  of Sperm  on the Sephadex Column
Human sperm  w ere  applied to the chrom atographic  column 
e i th e r  as u n trea te d  semen o r  as washed sperm suspended in L o ck e 's  
fluid.
(i) U n trea ted  Semen
0 .5  ml u n tre a te d  human semen was applied to the Sephadex 
column, the r e s t  of the e jacu la te  being re ta in ed  as  experim ental con­
t r o l .  Motile sperm  app ea red  f i r s t  in the eluant in f rac tion  5 and 
in it ia l ly ,  140 f r a c t io n s , each  of 1 ml volume, w ere  h a rv e s te d .  The 
frac t io n s  containing sperm  w ere  p assed  through the u l t r a  v io le t 
a b so rp t io m e te r , but no peaks w ere  observed  on the t ra c in g ,  although 
if  p re se n t  in suffic ient n um bers , sperm  might have been expected to 
s c a t te r  the l igh t .  T h e re  was no evidence that sperm  w ere  separa ting  
on the b a s is  of s iz e ,  unlike the separa tio n  of the m olecules of Blue 
D extran  and t ry p to p h a n . The frac t io n s  h a rv e s te d  w ere  examined 
m ic ro scop ica lly  fo r  the p re s e n c e  of sperm  and p ra c t ic a l ly  all of 
them w ere  found to contain sperm , although sometimes in v e ry  low 
num bers . In subsequent experim en ts ,  fifteen 1 ml frac t io n s  w ere  
h a rv e s te d .  Sperm counts w ere  made using  a haem ocytom eter and 
th ese  showed that the m ajo rity  of sperm  re c o v e re d  w ere  p re s e n t  in 
f rac t io n s  5 , 6 and 7 , which w ere  cloudy in ap p ea ra n c e .  The la te r  
f rac t io n s  seemed to be com paratively  c le a r ,  although m icroscop ic  
examination showed that sperm  w ere  p re s e n t ,  but in  g re a t ly  reduced  
n u m b e rs .
When the custom ary  fifteen frac tio n s  had been h a rv e s te d ,  
the eleven frac t io n s  containing sperm  w ere  combined as follows : 
the f i r s t  two f ra c t io n s ,  to form a single la rg e  f rac tion  and the r e ­
maining nine f rac t io n s  in t h r e e s ,  giving a to ta l of four f rac tio ns
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containing sperm. Sperm re ta in e d  in the Sephadex column w ere  
re c o v e re d  by washing and formed a fifth f rac t io n .  T hese  five 
frac t io n s  and the sperm  from the experim ental con tro l w ere  sta ined 
with qu inacrine  d ihydroch lo ride  and examined in u l t r a  v io le t  l igh t. 
The r e s u l t s  of s ta in ing a re  shown in Table 6 .1 . From  th is  tab le ,  
i t  may be seen  tha t the num bers of Y sperm in the f i r s t  f rac t ion  of 
all th re e  experim ents w ere  significantly  red u c ed , compared to the 
co n tro ls ,  (p = 0 .0 5 ) .  H ow ever, the num bers of Y sperm in
frac t io n  V of the same experim ents  w ere  a lso  s ignificantly  low er 
than those in the c o n tro ls ,  (p = < 0 .0 5 ) .
In a ll the experim ents  c a r r ie d  out with u n trea te d  human 
sem en, a darkened  a re a  was ob served  immediately below the su rface  
of the gel a f te r  the sperm  had been applied to the column and th is  
a re a  rem ained v is ib le  throughout the experim ent. On sev e ra l  
o c ca s io n s ,  th is  p a r t  of the gel was sampled and m icroscop ic  exam ­
ination showed th a t ,  at th is  poin t, the gel contained a la rg e  number 
of c lose ly  packed sperm . F o r  th is  r e a s o n ,  considera tion  was given 
to the p o ss ib il i ty  tha t overloading of the column had o c c u r re d ,  with 
re su l t in g  poor separa tion  of the sperm . C onsequen tly , the num bers 
of sperm applied to the gel and the num bers re c o v e re d  from the 
column between f rac t io n s  5 and 10 w ere  counted. The haem o­
cytom eter counts showed that when 55 x 10^ sperm  w ere  applied to 
the g e l , approxim ately  22 x 10^ sperm w ere  re c o v e re d  in the six 
f rac tio n s  examined ( i . e .  40% of the to ta l number of sperm applied 
w ere  re c o v e re d ) .  Subsequently , 20 x 10^ sperm  w ere  applied to 
the column and in th is  c a s e ,  3 x 10^ sperm  w ere  re c o v e re d  in the 
f rac t io n s  examined ( i . e .  15% of the total number of sperm  applied). 
Even when th is  sm aller  number of sperm w ere  applied to the ge l,  the 
da rkened  a re a  a t the top of the column rem ained v is ib le .  When
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T able 6.1 U n trea ted  Human Sperm on Sephadex Columns
Experim ent
Number F ra c t io n  Number
Total N o . 
of Sperm 
Counted
N o . of 
Y Sperm 
Counted
% Y 
Sperm
1 Control 400 152 38 .0
I 400 104 26 .0
11 349 85 2 4 .4
III 188 51 27 .3
IV 400 112 28 .0
V (Sperm  re ta ined  
on Sephadex)
400 108 27 .0
2 Control 400 131 32.75
1 403 80 19.85
11 400 91 22.75
III 404 84 20.79
IV 400 97 24 .25
V (Sperm  re ta in ed  
on Sephadex)
400 61 15.25
3 Control 400 137 34.25
I 400 99 24 .75
II 400 125 31.25
III 400 107 26 .75
IV 410 100 24.39
V (Sperm  re ta in ed  
on Sephadex)
600 142 23.67
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u n trea ted  semen was applied to the column, the sperm w ere suspended 
in seminal p lasm a. The p re se n c e  of th is mucinous m ate r ia l  might 
have p reven ted  the e n try  of sperm  into the ge l,  with a r e s e r v o i r  of 
c lo se ly  packed sperm  being re ta in e d  at the top of the column. In 
view of th is ,  human sperm  w ere  washed in L ocke 's  fluid before  being 
applied to the column in a second s e r ie s  of experim ents .
(ii) W ashed Sperm
When washed sperm  w ere  applied to the Sephadex colum n, 
the darkened  a re a  below the su rface  of the gel was o b se rv ed ,  as 
b e fo re , and th is  rem ained  v is ib le  throughout the experim ent. Motile 
sperm  appeared  in the e luant between frac tio ns  5 and 15, as  before  
and v isua l observa tion  showed tha t most of these  sperm  w ere  p re s e n t  
in f rac t io n s  5 , 6 and 7* Although the sperm re c o v e re d  w ere m otile, 
th is  m otility  was red u c ed , compared to that of the sperm  h a rv e s te d  
when u n trea te d  semen was applied to the column.
The eleven frac t io n s  containing sperm  w ere  combined, as  
d e sc r ib e d  b e fo re ,  to form four la rg e  frac tio ns  and sperm re c o v e re d  
from the Sephadex column by washing formed the fifth f rac tio n .
Sperm from th ese  five f rac t io n s  and sperm from the experim ental 
con tro ls  w ere  sta ined  with qu inacrine  d ihydroch lo ride  and examined 
in u l tra v io le t  l ig h t , as b e fo re .  The re s u l ts  a re  shown in Table 6 .2 ,  
w here  it  may be seen  tha t the num bers of Y sperm  identified  in 
f rac tion  I of the four experim ents w ere  s ignificantly  low er than those 
in the con tro ls  (p = < 0 .0 5 ) .  In experim ents 1 to 3, f rac tion  V 
a lso  contained a s ign ifican tly  low er number of Y sperm , compared 
to co n tro ls ,  although in experim ent 4 , the number of Y sperm  did not 
d iffer sign ifican tly  between frac tion  V and the con tro l (p =<(0 .05).
It may be noted a lso  that in experim ents 3 and 4 , th e re  was a
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T able 6 .2  Washed. Sperm  on Sephadex Columns
Experim ent
Number F ra c t io n  Number
Total N o . 
of Sperm 
Counted
N o . of 
Y Sperm 
Counted
% Y 
Sperm
1 Control 900 349 38 .8
I 405 63 15.6
11 801 135 16.85
III 404 147 36 .4
IV 508 128 25 .2
V (Sperm  re ta in ed  
on Sephadex
400 120 30 .0
2 Control 300 119 39.7
I 556 128 23 .9
11 476 88 17.9
III 300 73 24 .3
IV 400 100 25 .0
V (Sperm  re ta in e d  
on Sephadex)
301 74 2 4 .6
3 Control 400 152 3 8 .0
I 404 47 11 .6
11 400 58 14.5
III 300 48 17.0
IV 119 25 21.0
V (Sperm  re ta in ed  
on Sephadex)
400 80 20 .0
4 Control 803 203 25 .3
1 809 134 16.6
II 502 122 2 4 .3
III 500 125 25 .0
IV 550 143 26 .0
V ( sp e rm  re ta in ed  
on Sephadex)
600 145 2 4 .2
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p a tte rn  of low num bers of Y sperm In frac tion  1, with in c re a se d  
num bers of Y sperm identified  in f rac tio ns  II to V.
6 . 3 .3  Investigation  of the In te r fe ren ce  of Sephadex G-50
with the Q uinacrine  Staining of Human Sperm
Sperm re ta in ed  in the Sephadex column w ere  re c o v e re d  by 
washing the gel tw ice in e x cess  volumes of L o ck e 's  fluid and 
ha rv es tin g  the superna tan ts  a f te r  the gel had p rec ip ita te d .  How­
e v e r ,  a small number of gel p a r t ic le s  rem ained in suspension  and 
w ere  h a rv e s te d  with the su p e rn a tan t.  When sm ears  of the sperm  
re le a s e d  from the gel w ere  made (frac tion  V in the staining e x ­
pe rim en ts) ,  these  Sephadex p a r t ic le s  w ere  p re s e n t  a lso  and 
sta ined in outline with the qu inacrine  dye. When low num bers of
Y sperm w ere  identified  in f rac tion  V as well as in frac tion  I of 
the experim en ts , it was con s idered  that the p re se n c e  of the Sepha­
dex p a r t ic le s  might have in te r fe re d  with the qu inacrine  staining of 
the sperm  and th e r e fo re ,  with the identification of the F-body  of the
Y sperm . Two sm ears  w ere  p re p a re d  from the same e jacu la te ,  as 
d e sc r ib e d  p rev io u s ly . A few drops  of Sephadex G-50 suspension  
w ere  applied to cover one of the sm ears  and both sm ears  w ere  left 
to d ry .  When d ry ,  the S ephadex-covered  sm ear and the con tro l 
sm ear w ere  coded, sta ined  with quinacrine  d ihydrochloride  and 
examined in u l tra v io le t  l igh t,  as be fo re . 300 sperm  w ere  counted 
on each slide and the num bers of Y sperm  identified  w ere  noted.
The r e s u l t s  a re  shown in Table 6 .3 ,  where it  may be seen tha t the 
p re se n c e  of Sephadex ap p ea red  to cause no in te r fe re n c e  with quin­
ac r in e  staining and iden tification  of the human Y sperm .
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Table 6 .3  An A ssessm en t of the In te r fe ren ce  
of Sephadex G-50 with Q uinacrine 
Staining of Human Sperm atozoa
Smear
Total No. 
of Sperm 
Counted
N o . of 
Y Sperm 
Counted
% Y 
Sperm
Sperm sta ined  in
the p re se n c e  of 300 96 32 .00
Sephadex G-50
U ntrea ted
Sperm - 300 98 32.67
Control
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6 .3 - 4  Investiga tion  of the A dsorption of Sperm
on to the Sephadex P a r t ic le s
The re c o v e ry  of low num bers of Y sperm from the Sephadex 
column might be explained by the p re fe re n t ia l  adsorp tion  of Y sperm 
on to the Sephadex p a r t i c le s .  If th is  w ere  so , in c re a s e d  time of 
contact between the sperm  and Sephadex might c re a te  a b e t te r  o p p o r­
tunity  for the adso rp tion  to take p lace . W ashed human sperm  w ere  
re susp ended  in L o ck e 's  fluid to 2 ml volume. Eight te s t  tu b es ,  
each containing 1 ml Sephadex G-50 suspension , w ere  p re p a re d .
0 .2  ml of the washed sperm suspension  was added to each tube and 
mixed gently . The tubes  w ere  sea led  with p la s tic  film and p laced  
ho rizon ta lly  on a r o ta r y  m ix e r , (Mat burn Surg ica l Equipment L td . ,  
Portsm outh , U .K .)  and the sperm  w ere  mixed gently with the 
Sephadex su sp en s io n s . At in te rv a ls  of 15 m inutes, one tube was 
removed from the m ixer and the Sephadex allowed to p rec ip ita te  for 
5 m inutes. Then, the superna tan t was removed and the sperm  
re c o v e re d  by cen tr ifuga tion , fo r f lu o rescen t s ta in ing . W ashed 
sperm w ere  u sed  as con tro l .  Duplicate sm ears  w ere  p rep a red  from 
each superna tan t and the s lides  w ere  coded and examined "blind". 
T hese  r e s u l ts  a re  shown in Table 6 .4  and it may be seen  th a t ,  with 
in c re a s e d  length of time of contact between sperm  and Sephadex 
suspens ion , (ew er Y sperm  w ere  iden tified , compared to the contro l. 
A fter 80 minutes and 120-160 minutes of con tac t, s ignificantly  
low er num bers of 'Y sperm  w ere  identified , compared to c o n tro ls ,
(p = < 0 .0 5 ) .
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6 .4  DISCUSSION
Sephadex is  a bead-form ed dex tran  gel. It is  s trongly  
hydrophilic  and the beads swell in w a ter  o r  in e lec tro ly te  solutions 
to form a th ree -d im en s io na l  ne tw ork , capable of sep ara ting  su b ­
stances  accord ing  to th e i r  m olecu lar s ize .  L arge  m olecules move 
e as i ly  through the netw ork and emerge f i r s t  from the chrom atographic  
bed , but small m olecules a re  trapped  in the netw ork and re ta in e d .
No known chrom atographic  m a te r ia l  has an abso lu te ly  homogeneous 
p a r t ic le  size  and the fine grade  of Sephadex G-50 has a d ry  p a r t ic le  
d iam eter range  of 20 - 80y<Vm. This gel has been u sed  success fu lly  
to frac tio na te  p e p tid es ,  g lobular p ro te in s  and dex tran  s , but these  
m olecules a re  v e ry  much sm a lle r  than human sperm , where the 
average  head length is  4 - 5y^m and the averag e  head width is
2 .5  - 3 .5  y6fm, (M onesi, 1972). U sing the minimum and maximum 
s izes  of the d ry  Sephadex G-50 b eads , it  was calcu la ted  tha t the 
in te r s t i t ia l  sp aces  betw een the beads would be la rg e  enough to allow 
the p assag e  of sp h e r ica l  p a r t ic le s  of 8 - 2 4 y4m d iam ete r ,  and would 
probably  be sufficien tly  la rg e  to perm it the passage  of human sperm . 
H ow ever, the gel is  u sed  in a wet s ta te  and the beads sw ell, although 
re ta in in g  th e i r  c i r c u la r  shape. This suggests  that the in te r s t i t ia l  
spaces would be l a r g e r  than ca lcu la ted  for the d ry  s ta te  and would 
p robably  allow the p assag e  of human sperm with e a se .  Steeno and 
Adimoelja (1975a) and Steeno et a l . (1975b) have not rep o r ted  why 
Sephadex G-50 fine g rade  was chosen p a r t ic u la r ly  for the s e p a r ­
ation of human sperm , no r  w hether o ther types of gel w ere  examined 
during in it ia l  experim ents on sperm  sep a ra t io n .  S ince, in addition
to Sephadex G-50 fine g ra d e ,  o ther  Sephadex G-types  have a 
s im ila r  d ry  p a r t ic le  d iam eter range  ( e .g .  Sephadex G-2 5 , fine).
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i t  may be poss ib le  that a range  of gels will p rove  su itab le  fo r human 
sperm  se p a ra t io n .
Using the qu inacrine  d ihydrochloride  s ta in  to identify  human
Y sperm , Steeno et a l . (1975a and b) have claimed that only 4 - 5%
Y sperm  w ere p re s e n t  in the f rac tio n  rec o v e re d  from the column 
which contained the g re a te s t  number of sperm , with 65% Y sperm  
being adso rbed  on to the gel p a r t ic le s  and rem aining in the column. 
They compared th ese  r e s u l ts  with a contro l value of 38% Y sperm  
in a norm al human e ja cu la te .  In the work d e sc r ib e d  in th is  th e s is ,  
a s im ila r ,  but not so d ram a tic ,  t ren d  was o b se rv ed . From  T ab les
6.1 and 6 .2 ,  it may be seen  that the numbers of Y sperm  re c o v e re d  
in the f i r s t  f rac tio n s  a f te r  gel chrom atography w ere  significantly  
lower than the con tro l v a lu e s .  In the seven experim ents re c o rd e d ,  
the average  contro l value for Y sperm  was 35*25% and in the 
f i r s t  f rac tion s  re c o v e re d  from the Sephadex column, the p e rcen tage  
of Y sperm  was reduced  to an average  of 19*32%, with the low est 
number of Y sperm  re c o v e re d  being 11.6%. From  these  r e s u l t s ,  
th e re  would app ea r  to be some evidence that the column of Sephadex 
G-50 is able to produce  a d eg ree  of separa tio n  of human X- and
Y-b ea rin g  sperm , but how th is  sep ara tion  o ccu rs  is  not c le a r .  It 
would seem unlike ly  that th is  separa tio n  of X and Y sperm  can be 
explained by the th eo ry  of gel chrom atography and th e re fo re  some 
o ther  explanation must be c o n s id e re d .  Ly and M ishell (1974) 
u sed  Sephadex G-10 gel fo r the separa tion  of mouse spleen ce lls  
of d iffe ren t types (in th is  c a s e ,  antibody forming from non-antibody 
forming) and they  suggested  tha t the sep ara tion  of these  ce lls  might 
occu r because  of d if fe ren ces  in th e i r  adhesion to the gel b eads . 
Steeno et a l . (1975b) a lso  advanced this th eo ry  to explain the 
sep a ra tio n  of X and Y sperm  on Sephadex G-50 and suggested th a t .
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in th is  in s tan c e ,  Y sperm  w ere  adsorbed  se lec tive ly  on to the 
gel p a r t ic le s  and w ere  re ta in e d ,  while ac tive ly  motile X sperm 
p a sse d  through the column. The adhesive p ro p e r t ie s  of ce lls  have 
long been reco gn ised  and u sed  in separa tion  p ro ce d u re s  involving 
columns of g la ss  b e ad s .  Rabinowitz (1964) showed that lympho­
cy tes  , polym orphonuclear leucocy tes  and monocytes could be 
f rac tiona ted  from a mixed leucocyte  population, using  a column 
of g lass  b ead s , and re c e n t ly ,  Schw arz et a l . (1975) d e sc r ib ed  the 
separa tio n  of lymphocyte and monocyte populations on a Sephadex 
column. S im ila r ly , Bangham and Hancock (1955) and Whitfield 
(1976) u sed  g lass  bead columns to se p a ra te  living and dead bovine 
sperm , with dead sperm  being re ta ined  on the g la ss  b e ad s ,  while 
Graham , V azquez, Schmehl and Evensen (1976) have shown that a 
sim ilar sep a ra tio n  can be achieved on columns of Sephadex. This 
sep ara tio n  of ce l ls  on columns of g la ss  beads is  thought to take 
place because  some of the ce lls  adhere  p re fe re n t ia l ly  to the bead s . 
In the in s tan c es  Just given, the same types of ce lls  have sep a ra ted  
on both g la ss  bead and Sephadex columns and th is  would tend to 
suggest tha t the g la ss  beads  and Sephadex a re  acting in a sim ilar 
fash ion . H ow ever, one draw back to the th eo ry  advanced by Steeno 
et a l . (1975b) for the sep a ra t io n  of sperm is that th e re  is no con­
c lusive evidence to show that X and Y sperm d iffer  in th e ir  su rface  
p ro p e r t ie s  o r  pow ers  of adhesion , but if  a pure  population of e i th e r  
X o r  Y sperm  could be iso la te d ,  fu r th e r  stud ies might provide an 
answ er to th is  question .
During the experim ents rep o r te d  in th is  th e s is ,  a da rkened  
a re a  was obse rved  immediately below the su rface  of the gel and this 
w as shown to c o n s is t  of v e ry  la rg e  numbers of c lo se ly  packed sp e rm . 
W ashing of the sperm  in L ocke 's  fluid , to remove seminal p lasm a, 
p r io r  to app lication  to the column produced no change in the situation,
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This co llection  of sperm  at the top of the column may have been 
caused  by overloading  the gel with sperm , as in most c a s e s ,  
approxim ately  50 x 10^ sperm  w ere  applied to the columns in each 
experim ent. The f i r s t  sperm  applied would p resum ably  e n te r  the 
column and Y sperm  would ad so rb  on to the gel b e ad s ,  with X 
sperm  moving down the column, p a r t ly  by swimming and p a r t ly  
aided by the flow of e luan t, to emerge in f rac t io n s  5, 6 and 7. 
T hen, as m ore sperm  en te red  the column, competition between the 
Y sperm  for the gel beads n e a r  the top of the column might be 
in tens if ied , with the r e s u l t  tha t the gel beads would become s u r ­
rounded by c lu s te r s  of Y sp e rm , which would tend to block the 
in te r s t i t i a l  sp a c e s .  The p a ssa g e  of X sperm  through the column 
might then be slowed to a t r i c k l e , with only small num bers of sperm  
being h a rv e s te d  in l a t e r  f ra c t io n s .  One an sw er  to th is  problem 
might be to u se  a v e ry  dilute suspension  of sperm  for application  to 
the ge l, but i t  should a lso  be taken into account tha t cons id erab le  
num bers of h a rv e s te d  sperm  might be needed fo r fu r th e r  s tud ies o r  
fo r a r t i f ic ia l  insem ination .
The main d iffe rence  betw een the r e s u l ts  re p o r te d  in these  
experim ents and those  of Steeno et a l . (1975a and b) is  that ex ­
amination of sperm  re ta in e d  on the Sephadex column did not show 
that la rg e  num bers of Y sperm  w ere  p re s e n t ,  Steeno et a l . (1975a 
and b) claimed tha t when sperm  re ta in ed  in the gel w ere  re c o v e re d  
and examined, they  w ere  found to lie  with th e i r  heads o rien ta ted  
into the Sephadex beads and that when s ta ined  with q u in a c r in e , the 
m ajo rity  of th ese  sperm  w ere  identified as Y -bear in g . During the 
experim ents d e sc r ib e d  in th is  th e s is ,  some difficulty  was experienced  
in h a rv es tin g  sperm  re ta in ed  in the gel. If some of the Sephadex 
suspension  was included in f rac tio n  V, it was found that the c i r c u la r
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beads of Sephadex sta ined  with quinacrine  dye and sperm  re ta in ed  
with th e ir  heads o r ien ta ted  into the beads w ere  o b scu red . T h u s , it  
p roved im possible  to a s s e s s  w hether o r  not an F -body  was p re se n t  
in the sperm  head . C onsequently , in the method adopted for 
h a rv es t in g  th ese  sperm , the Sephadex gel was washed twice in 
L ocke 's  fluid and allowed to p re c ip i ta te ,  the two supe rna tan ts  
being combined and cen trifuged  to r e c o v e r  sperm  re le a s e d  from 
the gel. Undoubtedly, some sperm  rem ained trapped  within the 
rap id ly  sedimenting gel and th is  might poss ib ly  account fo r the low 
num bers of Y sperm  identified  in f rac tion  V of th ese  experim en ts , 
since if Y sperm  w ere  indeed p re fe re n t ia l ly  adso rbed  on to the 
Sephadex b e ad s ,  i t  might be expected that m ore Y sperm  would be 
trapped  as the gel p re c ip i ta te d .
The p o ss ib i l i ty  that Y sperm  a re  ad so rbed  p re fe re n t ia l ly  
on to the Sephadex beads might be investigated  fu r th e r  in one o r  two 
w ays. F i r s t ly ,  b e t te r  adso rp tion  of Y sperm  on to the gel p a r t ic le s  
might take p lace  if  m ore time w ere  allowed for the se p a ra t io n .  In 
th is  c a s e ,  sperm  could be applied and eluted into the column with 
small volumes of f lu id , then the flow of eluant stopped and the column 
lef t  fo r ,  sa y ,  30 o r  60 m inu tes , before  r e s ta r t in g  the flow of 
e luan t. This might allow time for sperm to swim downwards into 
the column and reduce  the blocking effect at the top of the column. 
The r e s u l ts  of a con tro l experim ent re p o r te d  in Table 6 .4  lend 
some support to th is  hy p o th es is ,  a s  in c re a sed  time of contact 
between Sephadex and sperm  ap paren tly  caused  significantly  low er 
num bers of Y sperm  to be re c o v e re d  from Sephadex suspension  
compared to the c o n tro ls .  Secondly, the u se  of Sephadex columns 
in s e r ie s  might lead  to a m ore complete sep a ra tio n  of X and Y sperm .
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Sperm could be applied to one column, h a rv e s te d  in the usua l way 
and num bers of Y sperm  re c o v e re d  could be noted . Then, sperm  
re c o v e re d  from the f i r s t  column could be p laced  on a second column 
of the gel and the p ro c e s s  r e p e a te d .  If se lec tive  adso rp tion  of Y 
sperm  w ere  taking p lac e ,  i t  would be expected that an even low er 
number of Y sperm  would be re c o v e re d  from the second column.
F o r  exam ple, if a norm al e jacu la te  containing 4-0% Y sperm  was 
p laced  on the f i r s t  Sephadex column and only 10% Y sperm  w ere  
p re s e n t  in the re c o v e re d  f ra c t io n s ,  it would be expected that when 
th ese  sperm w ere  p laced  on the second column, only 2.5% Y sperm 
would be re c o v e re d .  This p ro c e s s  might even be continued until a 
v ir tu a l ly  pure  f rac t io n  of X sperm was iso la ted .  H ow ever, although 
the r e s u l ts  obtained so f a r ,  with quinacrine stain ing as a m onitor, 
a re  in tr igu in g , final p roo f of the separa tion  must s ti ll  be shown: 
as living sperm  have been re c o v e re d  using th is  method, ultim ate 
proof of sep a ra t io n  may be given by c lin ica l t r i a l s  with insem ination 
of the se p a ra te d  sperm  f ra c t io n s .
The Sephadex se p a ra t io n  p ro c e s s  is  simple and e a sy  to 
c a r r y  out, needing no expensive o r  e labo ra te  equipment. If con­
clusive evidence of the se p a ra t io n  of human X and Y sperm can be 
obtained , the next step  might be to determ ine w hether the p ro c e s s  
could se p a ra te  X and Y sperm  of o ther  sp e c ie s ,  w here  field t r ia l s  
would p robably  be n e c e s s a r y  to m onitor the technique . The method 
could be adapted e a s i ly  for u se  in the field; f r e s h  semen could be 
mixed with the Sephadex suspens ion , the gel allowed to p re c ip i ta te ,  
then the su p e rn a ta n t ,  now en riched  with X sperm , h a rv e s te d .  The 
p ro c e s s  might eventually  re a c h  such a d eg ree  of refinem ent th a t  a 
s te r i l i s e d  Sephadex suspens ion  could be added to ,  say , bovine semen 
p r io r  to s to rag e  and insem inated toge ther  with the sperm , eliminating
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the tim e-consum ing p ro c e s s  of se tting up Sephadex columns in 
a la b o ra to ry  and reducing  the need to handle sperm  between 
collec tion  and insem ination .
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CHAPTER SEVEN 
GENERAL DISCUSSION
CHAPTER SEVEN 
GENERAL DISCUSSION
At the end of the nineteenth  cen tu ry , the view p reva iled  
that the embryo was in it ia lly  sexually  und ifferen tia ted  and tha t i ts  
sex was determ ined subsequently  by such agents as tem p era tu re  and 
n u tr it ion , McClung (1902) was f i r s t  to suggest tha t chromosomes 
might be concerned  with the determ ination  of sex and it was e s ta b ­
lished  l a te r  th a t ,  in h igher  o rgan ism s , sex is  determ ined by a 
d ifference  in chromosome constitu tion . In g e n e ra l ,  sex is  determ ined 
at f e r t i l i s a t io n ;  one of the sexes  p roduces gametes of two k in d s , 
which in tu rn  give r i s e  to offspring  of e i th e r  sex . In the m ajo rity  
of c a s e s ,  the male is  the he terogam etic  sex and the eggs a re  
sexually  und iffe ren tia ted  until fe r t i l is e d  by e i th e r  a m ale- o r  a 
fem ale-producing  sperm . This situation p rev a i ls  in most mammals, 
including man, although in b ird s  the opposite is  t r u e ,  with the 
female being the he terogam etic  sex (Ohno, 1967).
In man, th e re  a re  46 chrom osom es, consisting  of 22 p a ir s  
of auto some s and one p a ir  of sex chrom osom es. In com parison , 
the bovine has 60 chrom osom es, composed of 29 p a i r s  of auto some s 
and one p a ir  of sex chrom osom es. The sex chromosomes of the 
m ales in both sp e c ie s  a re  X and Y and these  two sp ec ia lised  
chromosomes d iffer  from each o ther  in both size  and genetic  content.
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although it has  been shown tha t they w ere o r ig ina lly  a homologous 
p a ir  of auto some 5 (Ohno, 1967). In both sp e c ie s ,  the Y chrom o­
some is  much sm aller  than the X chromosome and in humans, i ts  
length, is  known to v a ry  cons iderab ly  between individuals (P e a r s o n ,  
1971). The mammalian Y chromosome is  known to e x e r t  a v e ry  
s trong  m ale-de term in ing  influence and induces the und ifferen tia ted  
embryonic gonad to develop as a t e s t i s ,  (Ohno, 1967), while in the 
m atu re  m ale, the p re se n c e  of the Y chromosome seems to be 
e sse n t ia l  fo r mammalian sperm atogenesis  (S h o r t ,  1972).
During the meiotic d iv is ions of sp e rm ato genes is ,  X and Y 
chromosomes a re  se p a ra te d ,  with half the sperm rece iv ing  the X 
chromosome and ha lf  rece iv ing  the Y. By th is  seg rega tion  of the 
sex chrom osom es, two populations of sperm  a re  p roduced . T hese  
two sperm  populations a re  known to d iffer in sex chromosome s ta tu s ,  
but as y e t ,  th e re  is  no defin ite  p roof that they d iffer  in s iz e ,  shape, 
m otility , su rface  p r o p e r t i e s ,  e le c t r ic a l  charge  o r  an tigen ic ity . If 
it could be shown that X and Y sperm  d iffered  pheno typ ica lly , the 
d ifference  might be a ttr ib u ted  to the sex chromosome c a r r ie d  by the 
sperm . Sex chrom osomes (and th e re fo re  the genes they c a r ry )  a re  
p re s e n t  in the sperm  in the haploid sta te  and it  is  doubtful w hether 
they a re  able to e x e r t  an influence on the phenotype of the sperm .
It has  been g e n e ra l ly  concluded from biochemical s tud ies that th e re  
is  a v ir tu a lly  complete stoppage of dem onstrable  gene ac tiv ity  at 
m e io s is ,  (M onesi, 1965), although Beatty  (1975a) has concluded 
from c ircum stan tia l  evidence that haploid gene action in animals 
p robably  does occu r  in ex trem ely  r a r e  c a s e s .
B ecause  the X chromosome is  l a rg e r  than the Y chromosome, 
it  was log ical to co ns ider  that X and Y sperm might d iffer in s i z e ,
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but a f te r  ex tensive  r e s e a r c h ,  Beatty  (1972) found that th e re  was 
no evidence that a bimodal s ize  d is tr ibu tion  of sperm  ex is ted . 
R ela tive ly  re c e n t  evidence on th is  point has  come from P e a rs o n ,  
G eraed ts  and Pawlowitzki (1973) who claimed that human X 
sperm have a 1% l a r g e r  su rface  a re a  than Y sperm  (identified  by 
qu inacrine  s ta in ing). The d ifference  in s ize  between X and Y 
chromosomes was the b a s is  of the be lief  tha t X and Y sperm  
might d iffer in specific  g rav ity  and num erous attem pts have been 
made to se p a ra te  them by sedimentation ( e .g .  Schilling, 1971) and 
by using  density  g rad ien ts  ( e .g .  Benedict et a l ., 1967). Using a 
sedimentation te c h n iq u e , Schilling (1971) re p o r te d  tha t a shift in 
the bovine sex ra t io  was m aintained over seven y e a r s ,  but o ther  
w o rk e rs  have not had the same su ccess  (Lavon et a l . , 1971).
B enedict et a l . (1967) u sed  the methyl glue amine sa lt  of um brad ilic  
acid as a g rad ien t  medium for the separa tion  of rab b it  sperm , but 
observed  no effect on the sex ra t io  of the offspring produced a f te r  
insem ination of the se p a ra ted  sperm  populations. In the experim ents 
re p o r te d  in th is  th e s is ,  colloidal s i l ic a ,  su c ro se  and M etrizam ide 
w ere  u sed  as dens ity  g rad ien t  media to se p a ra te  both human and 
bovine sperm  into p o p u la tio n s . Colloidal s i l ic a  proved to be u n ­
su itab le ,  at le a s t  for the sep a ra tio n  of human sperm  and had the 
added draw back that it  p reven ted  staining of the sperm with qu inacrine  
The high osmotic p r e s s u r e  of su c ro se  solutions re su l te d  in the death 
of the sperm , but the u se  of the rec en t ly  developed M etrizam ide , 
with a low er osmotic p r e s s u r e  than su c ro se  so lu tions , seemed hope­
ful. However, although the M etrizam ide g rad ien t se p a ra ted  the 
sperm into two popu la tions, no con sis ten t s ignificant change in the 
ra t io  of X- and Y -bearing  sperm  was o b se rv ed . From  these
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r e s u l t s ,  it  would ap pea r  that density  g rad ien t techniques a re  
unsu itab le  fo r  the sep a ra t io n  of X and Y sperm , which d iffer  by 
only one chromosome. H arvey  (194-6) ca lcu la ted  density  va lues  of 
1.07132 fo r human Y sperm  and 1,0715 for human X sperm and 
em phasised that th e i r  separa tion  would re q u ire  a v e ry  slight density  
g rad ie n t ,  while Bahr (1971a) suggested  th a t ,  because  of in te r -  
chromosomal v a r ia b i l i ty ,  th e re  may be no d ifference  in m ass o r  only 
a v e ry  small d iffe rence  between the average  haploid X -containing 
and Y-containing se ts  of ch rom osom es. Beatty (1974b) has p r o ­
posed that although X sperm  may contain more DNA, Y sperm may 
compensate by having e x tra  cy top lasm , so that the actual d ifference  
in specific  g rav ity  between the sperm  may be even le s s  than the 
th eo re tic a l  value and th is  would c e r ta in ly  make it  un like ly  that a 
density  g rad ien t  could be developed for the sep a ra tio n  of X and Y 
sp e rm .
The d isco very  by Barlow  and Vosa (1970) that human Y 
sperm  could be identified  by qu inacrine  sta in ing stimulated new 
in te r e s t  in the p o ss ib il i ty  of sep ara ting  X and Y sperm , for sex 
contro l of the o ffsp ring . U n fo rtun a te ly , the quinacrine  staining 
technique has proved to be su itab le  only for the identification  of 
human Y sperm . In an attempt to apply the technique to o th er  
sp e c ie s ,  P e a rso n  et a l . (1971) examined the chromosomes of a 
number of mammalian spec ies  and showed that a r e a s  of in tense ly  
f lu o rescen t  chrom atin  (s im ila r  to that found on the human Y chrom o­
some) w ere  confined to the chromosomes of the g o r i l la  (G orilla  
g o r i l la ) and the chimpanzee ( Pan t ro g lo d y te s ) , but only in  the 
go r i l la  did the long arm s of the Y chromosome f lu o resce  b r igh tly ,  
as in man. Up to the p re s e n t  tim e, th e re  a p p ea rs  to have been no 
extension of th is work to include an examination of g o r i l la  s p e rm ,
168
although the evidence obtained from staining the chromosomes 
would suggest tha t the Y -bearing  g o r i l la  sperm  might be expected 
to contain an F -body . The sta in ing of bovine chromosomes with 
qu inacrine  and with o ther  ac r id ine  d e riv a tiv e s  has been re p o r te d  
in th is  th e s i s ,  but no specific  f luo rescen ce  of the bovine Y 
chromosome was o b se rv ed .  H ow ever, B ha ttacharya  (1976) has 
claimed tha t qu inacrine  can be u sed  to identify  the bovine Y sperm  
a f te r  trea tm en t of the sperm  with a p ro te in ase  enzym e, which 
ap p aren tly  allows p ene tra t io n  of the dye into the sperm . He 
identified  the Y chromosome within the sperm head as a f luoresc ing  
"B -body", but produced  no evidence to show that the bovine Y 
chromosome f lu o resced  in ten se ly  in mitotic chromosome p r e p a r ­
ations .
The in ten se ly  f lu o re sc en t  reg ion s  of the human Y 
chromosome may v a ry  in s ize  between individuals and can even be 
completely absen t in norm al fe r t i le  m ales . As th e re  is  no obvious 
ex te rna l  phenotypic m anifesta tion  of the absence  of th is  f luo rescen t 
reg io n ,  it is  p resum ed to be of l i t t le  o r  no genetic  consequence 
(Evans , 1972), H ow ever, the re a so n  why the d is ta l  ends of the 
long arm s of the human Y chromosome sta in  in te n se ly  with quin­
a c r in e  rem ains o b sc u re .  C a sp e rs so n  et a l . (1968) suggested that 
the b righ t f luo rescen ce  might be a c h a ra c te r i s t ic  of DNA with a 
high guanine - cytidine conten t, but Evans (1972) a rgued  that the 
f luo rescence  might be a p ro p e r ty  of the physical s ta te  of the DNA 
r a th e r  than i ts  chemical constitu tion . Although the exact mechanism 
of staining is  unknown, it  a p p ea rs  that the qu inacrine  stain ing 
technique for the human Y sperm  has become accepted  by many 
r e s e a r c h  w o rk e rs .  In itia lly , the belief that the F -body  re p re se n te d  
the human Y chromosome within the sperm  head was based  on
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c ircum stan tia l  evidence - the d is ta l  ends of the long arm s of the 
chromosome w ere  known to f lu o resce  in tense ly  (Z ech , 1969) and 
the p ropo rtions  of sperm  containing an F-body  corresponded  
approxim ately  to the th e o re t ic a l  50 : 50 d is tr ibu tion  of X and Y 
chromosomes at m e io s is .  Support fo r th is  be lie f  was gained from 
the work of Sumner et a l . (1971) who showed that sperm  lacking an 
F -body  had a h igher Feulgen - DNA content than sperm  with an F -  
body, while r e c e n t  evidence from Sumner and Robinson (1976) on 
d ry  m ass m easurem ents  of human sperm would seem to make the 
iden tification  c e r ta in .  On the o ther  hand, the av erage  p ercen tage  
of Y sperm  sco red  in norm al e jacu la te s  does appear to v a ry  widely 
between o b s e rv e r s .  F o r  exam ple, Barlow and Vosa (1970) sco red  
40-45%  Y sperm in a norm al human e jacu la te ,  while Rohde et a l . 
(1975) sco red  an average  of 38% Y sperm , but B eatty  (1975b) 
p roduced va lues of 35.5% and 50% Y sperm  fo r the same e ja cu la te ,  
depending on w hether s t r i c t  o r  re la x ed  c r i t e r i a  w ere  followed. In 
the p re se n t  w ork , the % Y sperm  sco red  in a normal human 
e jacu la te  also  v a r ie d  w idely , although a com parison of sta ining and 
counting techniques between th is  la b o ra to ry  and that of another 
o b se rv e r  showed only an av erage  d ifference  of 4%. With in c re a s in g  
e x p e r ie n c e , the % Y sperm  sco red  in a human e jacu la te  appeared  
to become more c o n s is te n t ,  a lthough, using  s t r i c t  c r i t e r i a ,  va lues  
of more than 40% w ere r a r e l y  no ted . P e a rso n  et a l . (1973) s ta ted  
tha t the % of Y sperm  sc o red  is  always l e s s  than  50% and that th is  
d isc rep a n cy  between the th eo re tic a l  and the ob served  can be 
a ttr ib u ted  to staining d i f f ic u l t ie s . D ifferences in optical conditions 
and the "eye" of the o b s e rv e r  may p lay  a p a r t ,  while anyone working 
in th is  field will be fam ilia r  with under sta ined o r  faded s l id e s ,  
which may account fo r  some of the v a r ia tio n  re p o r te d .  Barlow  and
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Vo sa (1970) rem ark ed  that the position of the F -body within the 
sperm  head was v a r ia b le ,  although it  was found u su a l ly  at the 
boundary  between the d en se ly  and the le s s  dense ly  sta ined reg io ns  
of the sperm head . If the Y chromosome l ie s  within the more dense 
reg ion  of the sperm  head , it is  c e r ta in ly  m ore difficult to s c o re .
The sperm head may pe rh ap s  v a ry  in th ickness  and Goodall and 
R oberts  (1976) suggested  tha t when the Y chromosome l ie s  deep 
within the sperm  h ead , it may be m ore difficult to reco g n ise  with 
c e r ta in ty .  It should be rem em bered  too that some of the s e p a r ­
ation p ro c e d u re s  u sed  may in te r f e r e  with the subsequent identification  
of re c o v e re d  Y sperm  (notably  colloidal s i l ic a  in these  experim en ts ,  
although bovine serum  albumin when p re s e n t  in high concen tra tions  
was a lso  found to in te r fe re  with quinacrine  staining) and th is  must 
be taken  into account when try ing  to a s s e s s  the r e s u l t s  of a 
sep a ra t io n  p r o c e s s .
The d isc o v e ry  that the human Y sperm  could be identified  
by sta in ing was undoubtedly a m ajor advance, but the human is  not 
always a su itable  experim ental an im al. A means of identifying the 
Y sperm  of a la b o ra to ry  o r  dom estic animal would be most u se fu l ,  
as  the semen might be m ore re a d i ly  available  and because  any 
apparen tly  success fu l  r e s u l t s  of a sep a ra tio n  p ro c e s s  could be con­
firmed re a d i ly ,  by c a r ry in g  out a r t i f ic ia l  insem ination in field t r i a l s .  
T h e re fo re ,  the se a rc h  continues fo r ano ther experim ental animal, 
whose Y sperm  can be iden tified . T a te s ,  P e a rso n  and G eraed t 
(I975) u sed  Leishman sta in  to identify  the Y chromosome of the 
n o r th e rn  vole (M icro tus oeconom us). The Y chromosome s ta in s  
da rk ly  and can be identified  in in te rp h ase  nucle i and in sperm , so it 
would appea r  that the animal could be u sed  fo r r e s e a r c h  into the 
sep ara tion  of X and Y sperm , although at p re s e n t ,  the human sti ll
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rem ains more convenient. How ever, the u se  of th is  s ta in  is  a 
rem inder tha t n o n -f lu o re sc en t  compounds may be of value in th is  
field and that a tten tion  should not be focused exclusively  on 
f lu o rescen t  s ta in s .
Most of the methods u sed  in attempts to con tro l the sex of 
the offspring  have involved some p ro c e s s  of separa tin g  X and Y 
sperm , u su a l ly  on the b a s is  of th e i r  supposed physical d if fe ren c e s .  
F o r  example, E r ic s s o n  et a l . (1973) claimed tha t the sep a ra tio n  of 
human sperm  on albumin columns depended on the su p e r io r  m otility  
of Y -bearing  sperm , a th eo ry  advanced in it ia lly  by R oberts  (1972). 
Support for th is  th eo ry  comes from the c ircum stan tia l  evidence of 
the n a tu ra l  sex ra t io  in most spec ie s  being w ei^ited  in favour of 
male offsp ring , which might suggest that the Y -bearing  sperm  is  
able to rea ch  the ovum f a s te r  than the X sperm . How ever, both 
the r e s u l ts  of experim ents d e sc r ib e d  in th is  th e s is  and those of 
R oss et a l . (1975) d iffe red  from the findings of E r ic s s o n  et a l .
(1973), although re c e n t  evidence from Goodall and R oberts  (1976), 
a lso  using  the qu inacrine  staining technique , suggests  tha t human 
Y sperm tend to swim upw ards  in a column of fluid in g r e a te r  num bers 
than X sperm . Since the concept of su p e r io r  m otility  of the Y sperm 
rem ains c o n t r o v e r s i a l , fu r th e r  investigation  of th is  point would seem 
to be n e c e s s a ry .
The sep a ra t io n  of human sperm on columns of Sephadex 
G-50 may be ano ther  in s tance  w here  some physical d ifference  between 
X and Y sperm is  being explo ited . The r e s u l ts  of Steeno et a l .
(1975a and b) showed that Y sperm  adhered  more strong ly  to the gel 
beads than X sperm  and the r e s u l t s  obtained in experim ents d e sc r ib e d  
in th is  th e s is  appear  to support th e i r  f indings, although to le s s  marked
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d e g re e .  N e ithe r  the experim ents of Steeno et a l . (1975a and b) 
nor the experim ents d e sc r ib e d  in th is  th es is  have explained why 
th is  sep a ra t io n  takes  p lac e ,  but i t  would seem that some su rface  
p ro p e r ty  of the Y sperm  is  involved. Because  some sperm ,
(ac tually  obse rved  by Steeno et a l . (1975b) as Y -bearing), adhere  
to the gel b ead s , one might specu la te  that human Y sperm  could be 
"roughened" and th e re fo re ,  more likely  to adhere  to the b e ad s ,  but 
it  can only be concluded that fu r th e r  investigation  of th is  phenomenon 
is  w a r ra n te d .
Although th e re  is  no c le a r  evidence that X and Y sperm do 
d iffer a n tig e n e t ic a l ly , immunological methods of sex contro l have 
been investigated  ex tensive ly  (B eatty , I960; M cL aren , 1964, 1965; 
Bennett and Boy se ,  1973), although the re s u l ts  a re  c o n tro v e rs ia l .  
N e v e r th e le s s ,  th is  s ituation  might be changed if some separa tion  
p ro c e d u re  (such as the Sephadex separa tion) re su l te d  in the 
iso la tion  of a pure  frac tio n  of e i th e r  X o r  Y sperm . This would be 
a m ajor advance and would enable r e s e a r c h e r s  to work on the p r o ­
duction of an anti serum  against e i th e r  X- or Y -bearing  sperm . Such 
a development would enable offspring of the d e s i re d  sex to be p r o ­
duced in most sp ec ie s  simply by mixing the an tise rum  with semen 
p r io r  to insem ination . In the f u tu r e , i t  might even be poss ib le  to 
extend th is  technique to the living animal, with the production  of a 
vaccine aga inst X o r  Y sperm . Although not p ra c t ic a l  in the human 
sp e c ie s ,  th is technique would be most usefu l in c e r ta in  husbandry  
s ituations w here the s i r e  could be vacc ina ted  against e i th e r  X o r  Y 
sperm  and would produce only offspring of one sex fo r the r e s t  of 
i ts  rep ro d u c tiv e  l i f e .
173
R E F E R E N C E S
ANDERSEN, H. and ROTTEN STEN, K. (1962)
A a rsb e re tn .  In s t .  S te r i i i te ts fo rsk n .
K. v e t-o g  Landbohojsk. (KBH.) 1962, 125.
(Anim. B re e d .  A b s tr .  (1965) 245)
AN ON. (1974)
L ancet i ,  203
A P P E L L A , E . and ZITO, R.
cited  b y ; Stambangh, R. and B uck ley , ] .  (1971b) 
in ; Sex Ratio at B ir th  - P ro sp e c ts  fo r C ontro l, 
Symp. 1970, Kiddy, C. A. and Hafs , H. D . ( e d s .) ,  
59, A m er. Soc. Anim. Sci. , Albany, U .S .A .
A S D E L L , S. A. (1927)
J . Am. m ed . A s s .  _§9, 509
AUGHEY, E . (1976)
P e rso n a l  communication
BAHR, G . E .  (1971a)
in: Sex Ratio at B ir th  - P ro sp e c ts  fo r C ontro l,
" ^ m p . 1970, Kiddy, C. A. and Llafs, H. D. ( e d s . ) ,  
28, Am er. Soc. Anim. S c i . ,  Albany, U .S .A .
BAHR, G . E .  (1971b)
in : Sex Ratio at B ir th  - P ro sp e c ts  for C ontro l,
"Symp. 1970, Kiddy, C. A. and H afs, H. D. ( e d s . ) ,  
57, (sta tem ent in co u rse  of d iscu ss io n ) ,  Am er. Soc. 
Anim. S c i . , A lbany , U .S .A .
BAIER, W. (1957)
T ie rz f ich te r  9 ,  13
BAIER, W. and HAEGER, O. (1958)
Dt, t i e r d r z t l .  W sch r .  71, 426
BAKER, F .  N. , SALISBURY, G. W. and FECHHEIM ER, N. S 
(1965)
N a tu re ,  Lond. 2 08 , 97
BANE, A. (1952)
Cornell Vet. 42, 518
BANGHAM, A. D. (1962)
] . R eprod . F e r t .  4 ,  231
BANGHAM, A. D. and HANCOCK, J. L. (1955)
N a tu re ,  Lond. 176, 656
BARLOW, P . W. an d V O S A , C. G. (1970)
N a tu re ,  Lond. 226 , 961
BEATTY, R. A. (I960)
Mem. S o c . E ndocr .  No. 7, 93
BEATTY, R. A. (196l)
P r o c . R. Soc. Edlnb. B 72
BEATTY, R. A. (1964)
in : P ro c ,  5th Int. Congr. Anim. Reprod.
§r~A, 1. , T re n to ,  1964, Vol. 3, 276
BEATTY, R. A. (I969) 
] .  R eprod . F e r t .  ]p , 379 
BEATTY, R . A. (1970)
Biol. Rev. 73
BEATTY, R. A. (1972)
Atti del VII Symposio In ternazionale  di 
Z oo tecn ia , M ilan , A pril 1972, 239
BEATTY, R. A. (1974a)
Biblphy. R eprod . % ,  1
BEATTY, R. A. (1974b)
P e rso n a l  communication
BEATTY, R. A. (1975a)
in : Suppl. 1, B iol. ] .  Linnean Soc. L ond . , 291
BEATTY, R. A. (1975b)
in : The Functional Anatomy of the Sperm atozoon ,
TO'zelius, B . A .  ( e d . ) ,  1975, Pergam on P r e s s  , 
Oxford and New York
BEATTY, R. A. and FECHHEIM ER, N. S. (1972)
B iol. R eprod , 7 , 267
BECK, K. J . ,  H E R SC H EL , S . ,  HUNGERSh 6 f ER , R. 
and SCHWINGER, E . (1976)
F e r t .  S te r i l .  407
BEDFORD, J. M. and BIBEAU , A. M. (1967)
] .  R eprod . F e r t .  13, 167
BENEDICT, R. C , ,  SCHUMAKER, V. N. and DAVIES, R . E .  (1967) 
J. R eprod . F e r t .  J_3, 237
BENNETT, D. and BOY SE , E . A. (1973)
N a tu re ,  Lond. 246 , 308
BHATTACHARYA, B . C .  (1958)
Z . T ierziücht. Z üch tB io l.  72, 250 
(Anim. B re e d .  A b s tr .  (1962J~30, 570)
BHATTACHARYA, B . C .  (1962)
Z . 'wiss Zool. Al66 ( /4) : 204
BHATTACHARYA, B . C .  (1964)
New Scien t. 2 ^ , 151
BHATTACHARYA, B . C .  (1976)
in : P ro c .  8th Int. Congr. on Anim. R eprod, 8c A. I .  ,
"Krakow, 1976, (in p r e s s )
BHATTACHARYA, B . C . ,  BANGHAM, A. D . ,  CRO, R. J . ,  
KEYNES, R. D. and ROW SON, L. E .  A . ,  (1966)
N a tu re ,  Lond. 2 j l ,  863
BISH OP, D. W. (I960)
N a tu r e , Lond. 187 , 256
BLANDAU, R, ] .  and YOUNG, W. C . ,  (1939)
Am, J. Anat. 64, 303
BROTHERTON, ] .  (1969a)
Cytobios 2b , 95
BROTHERTON , ] .  (1969b)
Cytobios 3, 307
BROTHERTON, ]. and BARNARD, G. (1974)
J, R eprod . F e r t .  40 , 341
BURKOV, 1. (1968)
M ate r  6 v s e s .  Konf. F iz io l .  Biokhim. Osnov.
Povysh . P ro d .  S e l '-K ho z . Zhivot. 1968, B orovsk , 390-1 
(Anim. B re e d .  A b s tr .  (1971) 39, 351)
CA M PBELL, R. C. HANCOCK, J. L . and ROTHSCHILD, LORD 
(1953)
] .  exp. B io l. 30, 44
CASPER 5 SON, T . ,  FARBER, S . ,  FOLEY, G. E . , 
KUDYNOWSKI, ] ,  , M ODEST, E . J. ,
SIMONS SON, E. , WAGH, U. and ZECH, L. (1968) 
Expl. Cell R es .  49 , 219
C A S PE R S SON, T . and ZECH, L . (1972)
in: K aro linska  Symposia on R e se a rch  Methods in
R eproductive  E ndocrino logy , 5th symposium. Gene 
T ra n sc r ip t io n  in Reproductive T is su e ,  May 1972, 67
COHEN, M. R. (1967)
In t . ] .  F e r t .  12, 32
CREW, F .  A,. E . (1927)
B r .  med. J. i i ,  917
DIASIO, R. B. and G L A SS, R . H. (1971)
F e r t .  S te r i l .  22, 303
EDWARDS, A. W. F .  (1963)
N a tu re ,  Lond. 198, 1106
EDWARDS, R. G. (1963)
cHed b y ; T y le r ,  A. and Bishop, D . W . in 
M echanism s concerned  with Conception,
Hartm ann, C. G . ( é d . ) ,  chapt. 8 , 397,
Pergam on, Oxford, 1963
EICHWALD, E . and SILM SER , C. R. , (1955)
T ra n sp la n ta .  Bull. 2, 148
ERICSSON,  R. ] . ,  L ANGEVIN, C. N.  and NI SHIN O, M. (1973) 
N a tu re ,  Lond. 246 , 421
ETZIONI, A. , (1968)
Science , 1107
EVANS, H. J. (1972)
in : P r o c .  Int. Symp. , The Genetics of the
Sperm atozoon, Edinburgh, 1971, B ea tty , R. A. 
and G luecksohn-W aelsch , S. ( e d s . ) ,  144
FELDMAN, M. (1958)
T ra n sp la n ta .  Bull. S ,  15
FE L L O U S, M. and D A U SSET, J. (1970)
N a tu re , Lond. 22 5 , 191
FISCH ER, L. (1969)
in : L ab o ra to ry  Techniques in B iochem istry  and
KLolecular Biology, Vol. I, W ork, T . S. and W ork, E. 
( e d s . ) .  N orth-H olland Publishing Company, Amsterdam 
and London
FOOTE, R. H. and HALL, A. (1954)
J. D a iry  Sci .  3%, 673
FO O TE, R. H. and M IL L ER , P .  (1971)
in ; Sex Ratio at B ir th  - P ro sp e c ts  for C on tro l,
Symp. 1970, Kiddy, C. A. and H afs ,  H. D. ( e d s . ) ,  1, 
Am er. Soc. Anim. S c i . ,  Albany, U . S . A .
FOOTE, W. D. and QUEVEDO, M. M. (1971)
in; Sex Ratio a t B ir th  - P ro sp e c ts  fo r C ontro l, 
^ym p . 1970, Kiddy, C. A. and H afs , H. D. ( e d s . ) ,
55, Am er. Soc. Anim. S c i . ,  A lbany, U . S . A .
FOW LER, A. K. and HELLM AN, A. (1965)
F e r t .  S te r i l .  _16, 778
GARDNER, K. E . (1950)
J. D a iry  Sc i.  33, 391
GLOVER, F .  A. and P H IP P S ,  L. W. (1962)
J. R eprod . F e r t .  4 ,  I89
GOLDBERG, E . and LIAWTREY, C. (I967)
c ited  by ; S tam bangh, R . and Buckley, J. (1971b) in : 
Sex Ratio at B ir th  - P ro sp e c ts  for C ontro l, Symp. 
1970, Kiddy, C. A. and Llafs, H. D. ( e d s . ) ,  59?
Am er. Soc. Anim. S c i . ,  Albany, U . S . A .
GOODALL, H. and R O B E R T S, A. M. (1976)
P e rso n a l  communication
GORDON, D. L . , MOORE, D. J. , THORSLUND, T . ,  and 
PA U L SE N , C. A. (1965)
J. Lab. d i n ,  Med. 506
GORDON, M. J. (1957)
G ene tics ,  N. Y. 43 , 913
GORDON, M. ] .  (1958)
Scien t. Am. 199, N o .5, 87
GRAHAM, C. F .  (1970)
N a tu re ,  Lond. 226 , 165
GRAHAM, E . F .  , VAZQUEZ, 1. A . ,  SCHMEHL, M . K. L , and 
EVEN SEN,  B.  K.  (1976)
in : P ro c .  8th Int. Congr. on Anim. R eprod . 8c A . 1, ,
Krakow, 1976, (in p r e s s )
H A F S , H. D. and BOYD, L . J. (1971)
i n ; Sex Ratio a t B ir th  - P ro s p e c ts  fo r C ontro l, 
Symp. 1970, Kiddy, C. A. and H a f s , H. D . ( e d s . ) ,  
8 5 , Am er. Soc. Anim. S c i . ,  Albany, U . S . A .
HAMMOND, J. (1934)
B r . J . e x p . B io l .
HANCOCK, J. L. (1952)
J. exp. B io l. 2 9 , 445
HANSEN, K. M. (1972)
Her éd itas  22? ^^5
HART, D. and MOODY, J. D. (1949)
Ann. S u rg .  129, 550
HARVEY, E . N. (1946)
] . He r e d . 37, 71
HEATH, C. W. (1954)
Hum. B iol. 26, 337
IV ERSEN , S. (1964)
] ,  a g r i c . S c i . ,  Camb. f ô ,  219
IV ER SEN , S. (1965)
J. R eprod . F e r t .  9 , 197
JAM ES, W. H. (1971)
Lancet i ,  112
JOHANSSON, I. (1932)
cited  by: Van Dem ark, N. L. and M a lv en , P .  V.
(1960)7 A . I .  Dig. 8 (12), 11.
KAISER, R. , BROER, K. H. , CITOLER, P .  and L E IS T E R , B
(1974)
G ebu rtsh . F ra u en h e ilk .  34, 426
KIDDY, C. A. and BAILEY,  L. F .  (1972)
J. D a iry  Sc i. 55, 68I ( a b s t r .  only)
KILH STROM, J. E . and FJELL STROM, D. (1967)
J . R eprod . F e r t .  14, 155
KLEEGMAN, S. (1954)
F e r t .  S te r i l .  5, 7
KNAACK, J. (1968)
cited  b y ; Sch illing , E. (1971) in : Sex Ratio at
B ir th  - P ro s p e c ts  fo r C o n tro l , "Eymp. 1970,
Kiddy, C. A. and H afs , H. D. ( e d s . ) ,  76 ,
Am er. Soc. Anim. S c i . ,  Albany, U . S . A .
KO LTZO FE, N. K. and SCHRODER, V. N. (1933)
N a tu re ,  Lond. 131, 329
KORDT5, E . (1952)
Z . T ierzffch t. Zficht B io l . 60, 221
KRZANOWSKI, M. (1970)
J. R eprod . F e r t .  2 3 ,  H
LAMAR, J. K. , S H E T T L E S , L. B. and D E L E S , E. (1940)
Am, J . P h y s io l . 129, 234
LAURENCE, K. A. and CARPUK, O. , (1963)
F e r t .  S te r i l .  14, 451
LAVON, U. , VOLCANI, R. and DANON , D. (197D
i n : Sex Ratio a t B ir th  - P ro sp e c ts  fo r C ontro l,
Symp, 1970, Kiddy, C. A. and H afs , H. D. ( e d s . ) ,  
19, A m er. Soc. Anim. S c i . ,  Albany, U . S . A .
LAVON, U. , VOLCANI, R . , AMIR, D. and DANON, D. (1966) 
J. R eprod . F e r t .  H, 447
LEWIN, S. (1956)
B r . v e t .  J . H2, 549
LINDAHL, P .  E . (1948)
N a tu re ,  Lond. l 6 l , 648
LINDAHL, P .  E . (1956)
N a tu re ,  Lond. 178, 491
LINDAHL, P .  E .  (1958a)
N a tu re ,  Lond. l 8 l , 784
LINDAHL, P .  E . (1958b)
Acta A g r ic . scand . 8 ,  226
LINDAHL, P . E . (1971)
in: Sex Ratio at B ir th  - P ro sp e c ts  fo r C ontro l,
Symp. 1970, Kiddy, C. A. and H afs , H. D. ( e d s . ) ,  
6 9 , Am er, Soc. Anim. S c i . ,  Albany, U . S . A .
LINDAHL, P .  E.  and KÎHLSTROM, ]. E .  (1952)
J. Da iry  Sci .  35, 393
LOVELOCK, J. E . (I960)
in; Lewin, S. (I960) Mem. Soc, E n d o c r . ,  No. 7 , 
ÎT3, (sta tem ent in co u rse  of d iscuss ion )
LUSH, ] .  L. (1925)
] . a g r ic .  R es . 30, 893
LY, I. A. and Ml SH ELL, R. I. (1974)
J. Immunol. M ethods 5, 239
McCLUNG, C. E . (1902)
cited  b y : Ohno, S . (1967) in.: M onographs on
E ndocrino logy , 1_? Sex Chromosomes and Sex-L inked 
G enes , (1967), S p r in g e r -V e r la g , B e r l in ,  H eidelberg  
and New York
McLa r e n , a . (1964)
N a tu re ,  Lond. 201, 582
McLa r e n , a . (1965)
T ra n sp la n ta t io n ,  3, 259 
McLa r e n , a . (1972)
in : P r o c .  In t. Symp. , The Genetics of the
Sperm atozoon , E d inburgh , 1971, B eatty , R. A. 
and Gluecksohn - W aelsch , S. ( e d s . ) ,  313
M acPH ERSO N , J. W. and VE SSELINOVITCH, S. D. (1959) 
Can. J. comp. M ed. 23, 375
M cW HlRTER, K. G. (I960)
Mem. Soc. E ndocr. No. 7 ,  98
MANN, T . (1964)
The B iochem istry  of Semen and of the Male 
R eproductive  T r a c t ,  M ethuen, London
MATHAl, E . and NAMBOODIRIPAD, T . R. B. (1971)
Anim. B re ed .  A b s tr .  39, 85
METCHNIKOFF, E . (1899)
A nnls. In s t .  P a s t e u r ,  P a r i s ,  13_, 737
M ETCHNIKOFF, E . (1900)
Annls. In s t .  P a s te u r ,  P a r i s ,  14, 1
MOGHISSI, K. S. (1966)
F e r t .  S te r i l .  J 7 ,  663
MONE SI, V. (1965)
cited  b y : B ea tty ,  R, A. in: (1975a), Suppl. 1,
B io l . jV Linnean Soc. Lond. 2 ,  291
M ONESI, V .  (1972)
in : Reproduction  in M am m als, vo l. 1 ,  A ustin , C. R.
and S h o r t ,  R. V. ( e d s . ) ,  Cambridge U n iv e rs i ty  P r e s s
MOORE, C. R. and PR IC E, D. (1948)
J. exp. Zool. 108, 171
MORE O 'FE R R A L L , G. ]. , MEACHAM, T. N. and FOREMAN, 
W. E . (1968)
J. R eprod . F e r t .  _16, 243
MUDD, S . ,  and MUDD, E . B. H. (1929)
J . Immun. 17 , 39
M UNTHE-KAAS, A. C. and SEGLEN, P .  O. (1974)
F E B S  L e tt .  43 , 252
NEVO, A. C. , MICHAELI, I, and SCHINDLER, H. (196I)
Expl. Cell R es . 23, 69
O'DONNELL, ]. M. (1969)
J. R eprod . F e r t .  ip ,  263
OHNO, S. (1967)
M onographs on E nd ocrino logy , 2» Sex Chromosomes 
and Sex-L inked  G enes , (1967), S p r in g e r -V e r la g , 
B e r l in ,  H eidelberg  and New York
ORESNIK, A. (1969)
cited  b y ; Sch illing , E . (1971) in ; Sex Ratio at 
B ir th  - P ro s p e c ts  fo r C ontro l, Symp. 1970, Kiddy,
C . A. and H afs ,  LI. D. ( e d s . ) ,  76, Am er. Soc,
Anim. S c i . , A lbany , U . S . A .
ORTAVANT, R. , C OU ROT, M. and HOCLIEREAU , M. T . (1969) 
in; R eproduction  in  Domestic Anim als, 2nd edition , 
"Cole, H. H. and Cupps, P .  T . ( e d s . ) ,  Chapt. 10, 
Academic P r e s s ,  New York and London
PAWLOWITZKI, 1. H. and B O S S E , H. G. (1971)
Humangenetik 13, 338
PE A R L , R. and PARSHLEY, H, M . (1913)
c ited  by; Van Dem ark, N . L . and M alven , P .  V.
(I9W ,  A. 1. Dig. 8 (12), 11
PEARSON, P .  L . (I97I)
New Scien t. 49 , 606
PEARSON , P .  L , (1973)
in: New Techniques in B iophysics and Cell Biology,
Vol. I ,  ch ap te r  7 , P a in , R. H. and Smith, B. ] . , ( e d s . ) ,  
W iley and Sons, London and New York.
PEARSON , P .  L. and BOBROW, M. (1970)
J, R eprod . F e r t .  22, 177
PEARSON , P .  L . , BOBROW, M. , and VO SA, C. G. (1970)
N a tu re ,  Lond. 226 , 78
PEARSON, P .  L . , BOBROW, M. , VOSA, C. G. and BARLOW,
P . W. (1971)
N a tu re ,  Lond. 231 ? 326
PEARSON, P .  L . , GERAEDTS, J. P .  M. and PAWLOWITZKI,
I. H. (1973)
in : P ro c .  l . N . S . E . R . M .  Symp. , P a r i s ,  1973,
Uliromosome E r r o r s  in Relation to R eproductive 
F a i lu re ,  219
P E R T O F T , H. (1970)
Analyt. Biochem. 3 8 , 506
P E R T O F T , H. and LAURENT, T . C. (1969)
in : P r o g r e s s  in Separa tion  and P u rif ica tion ,
G e r r i t s e n ,  T , ( e d . ) .  Vol. 2, 71, W iley and Sons,
London and New York
P IL Z , Z. (1952)
Z. T ie rz h c h t .  Zdcht B io l . 60, 315
PIN e u s ,  G.  (I93O)
P ro c .  R . Soc. B 107, 132
QUIN LI VAN, W. L. G. , and SULLIVAN, H. (1974)
F e r t .  S t e r i l . 25, 315
RABINOWITZ, Y. (1964)
Blood 2 3 , 811
R A] AMMAN AN, A. H. J. (1971)
in : Sex Ratio at B ir th  - P ro s p e c ts  for C ontro l,
" S ^ p .  1970, Kiddy, C . A . and H afs ,  H. D. ( e d s . ) ,  
5o, (s ta tem ent in co u rse  of d isc u ss io n ) ,  Am er, Soc. 
Anim. S c i . ,  Albany, U . S . A .
RENKONPN, K. O. (1956)
A nnls. M ed. exp . B io l. Penn . 34, 447
RENKONEN, K, O. , MAKELA, O. and EE HT OVA AH A, R. 
(1962)
N a tu re ,  Lond. 194, 308
RICHARDSON, D. W. (1975)
P e rso n a l  communication
RICK WOOD, D. , HE L L,  A.  and BIRNIE, G. D. (1973)
F E B S  L ett.  33, 221
R O B ER TS, A . M .  (1972)
N a tu re ,  Lond, 238 , 223
ROHDE, W. , PORSTMANN, T . and DORNER, G. (1973)
] .  R eprod . F e r t .  33, 167
ROHDE, W. , PORSTMANN, T . ,  PREHN, S. and DORNER, G 
(1975)
J. R eprod . F e r t .  42 , 587
R O S S , A . ,  ROBINSON, J. A. and EVANS, H. ] .  (1975) 
N a tu re ,  Lond. 25 3 , 354
ROTHSCHILD, LORD (I960)
N a tu re ,  Lond. I8 7 , 253
SACHS, L. and H E L L E R , E . (1958)
] .  na tn . C an ce r  In s t .  20, 555
SALISBURY, G. W. , BRATTON, R. W. and FO O TE, R. H. 
(1952)
J. D airy  S c i .  35, 256
SCANLON, P .  E . (I97I)
in : Sex Ratio at B ir th  - P ro sp e c ts  fo r C ontro l,
^ a n p . 1970, Kiddy, C, A. and H afs ,  H. D . ( e d s . ) ,  
5 8 , (s ta tem ent in co u rse  of d isc u ss io n ) .  Am er. Soc. 
Anim. S c i . ,  A lbany, U . S . A .
SCHILLING, E . (1965)
N a tu rw issen schaften  12, 353 
(Anim, B re e d .  A b s t r 711966) 34, 50)
SCHILLING, E . (1966)
] .  R eprod . F e r t .  H, 469
SCHILLING, E . (1971)
in ; Sex Ratio at B ir th  - P ro sp e c ts  for C on tro l, 
Symp. 1970, Kiddy, C. A. and H afs , H. D. ( e d s . ) ,  
76, A m e r . S o c . Anim. S c i . , A lbany , U . S . A .
SCHILLING, E . , JA ZBEC, I. and SCHMID, P .  (1967)
Z . T ie rz iïch t .  Z üch tB io l,  8 3 , 331 
(Anim. B re e d .  A b s tr .  (19687"3 6 , 234)
SCHRODER, V. N. (1934)
Biol. Zh. 3, 465
SCHRODER, V. N. (1941)
Z . T ie rz ü c h t .  Zi^chtBiol. 1
SCHWARTZ, R. H. , BIANCO, A. R. , HANDWERGER, B. S. 
and KAHN, C. R . (1975)
P ro c .  na tn . Acad. Sc i. U . S . A . ,  72, 474
SEGAL, S. ]. and LAURENCE, K. A. (1962)
Ann. N. Y. Acad. Sc i. 99 , 271
SEVINÇ, A. (1968)
J. R eprod . F e r t .  IB, 7
S H E T T L E S , L . B. (1960a)
N a tu re ,  Lond. I8 6 , 648
S H E T T L E S , L. B. (1960b)
N a tu re ,  Lond. I8 7 , 254
S H E T T L E S , L. B. (1961)
F e r t .  S te r i l .  12, 20 and 516
S H E T T L E S , L . B. (1970)
Int. J. G ynec . O bste t .  8 , 643
SHISHITO, S . ,  SHIRAI, M. and MAT SUD A, S. (1974) 
Andrologia 6 ( i) ,  17
SHISHITO, S . ,  SHIRAI, M. and SASAKI, K. (1975)
Int. ] . F e r t .  20, 13
SHORT, R. V. (1972)
in ; P r o c .  Int. Symp. , The G enetics of the 
Sperm atozoon , Edinburgh , 1971, B ea tty , R. A. 
and Gluecksohn - W aelsch , S. ( e d s . ) ,  325
SHORTMAN, K. (1972)
Annu. Rev. B io phy s . 8c B ioeng. 2 ,  93
SIEG EL, P .  W. (1916)
cited b y ; Jam es, W. H. (1971), Lancet i ,  112
STAMBAUGH, R. and BUCKLEY,  J. (1967)
J. b io l. Chem. 2 42 , 4053
STAMBAUGH, R. and BUCKLEY,  J.  (1971a)
J. R eprod . F e r t .  25, 275
STAMBAUGH, R. and BUCKLEY,  J.  (1971b)
in ; Sex Ratio at B ir th  - P ro sp e c ts  for C ontro l,
Symp. 1970, Kiddy, C. A. and Hafs, H. D. ( e d s . ) ,
59, Am er. Soc. Anim. S c i . ,  Albany, U . S . A .
STEENO, O. and ADIMOELJA, A. (1975a)
Annal en von d e r  V ereniging voor F e r t i l i t e i t s s tu d ie , 
Tweede Jaargang  DeeLl V o o r jaa rsv e rg ad e r in g  
gehouden te  U tre c h t ,  op. 10 m e i , 1975
STEENO, O. , ADIMOELJA, A. and STEENO, J. (1975b) 
Andrologia 1_, 95
STONE, A. B. (1974),
Biochem. J. 137 , 117
SUMNER,  A. T.  and ROBINSON, J. A. (1976)
J. R eprod . F e r t .  4 8 , 9
SUMNER,  A. T . ,  ROBINSON, J. A. and EVANS,  H. J. (1971) 
N atu re  New Biology 22 9 , 231
TARKOWSKl, A. K. , WITKOWSKA, A. and NOWICKA, J. (1970) 
N a tu re ,  Lond. 22 6 , 162
T AT E S ,  A. D.  , PEARSON , P .  L. and GERAEDTS, J. P .  M.
(1975)
J. R eprod . F e r t .  42 , 195
TYLER,  A. (1961)
4-th O liver B ird  L e c tu r e , m : J. R eprod . F e r t .  2, 473
ULSTEI N,  M.  (1972)
Acta o b s te t .  gynec. scand , 51, 335
VAN DER HORST (p e rso n a l communication to PERERA,  B . M . A . O . ,  
1975)
cited  in ; "Some effects  of vasectom y on the R eproduc­
tive System of the Ram. "
P h . D .  th e s i s ,  U n iv e rs i ty  of G lasgow , Facu lty  of 
V e te r in a ry  M e d ic in e , 1975
VAN DEMARK,  N.  L.  and MALVEN, P . V. (I960)
A. I. Dig. 8 (12), 11
VAN DUIJN, C. ( j n r . ) ,  (I96I)
F e r t .  S t e r i l . 12, 509
VLADIMIRSKAYA, E . M. (1966)
T s i to l .  G enet, re sp u b .  mezhved. Sb. (2); 153 Rus.
(Anim. B re e d .  A b s tr .  (1967) 35, 568)
VOSA, C. G. (1970)
Chromosoma ( B e r l . )  30, 366
WEIR,  J. A.  (1955)
J. H ered . 46 , 277
WEIR,  J . A.  (I97I)
in ; Sex Ratio at B ir th  - P ro sp e c ts  fo r C ontro l,
Symp. 1970, Kiddy, C. A. and H afs, H. D. ( e d s . ) ,  43 , 
Amer. Soc. Anim. S c i . ,  Albany, U . S . A .
W HITFIELD, C. H. (1976)
P e rso n a l  communication
ZANEVELD, L . J. D. , WAGNER,  L.  , SCHLUM BERGER, H. D. 
and SCHUMACHER. G. F .  B. (1974)
J. Reprod. F e r t .  3 8 , 411
ZECH,  L.  (1969)
Expl. Cell Res .  58,  463
